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BRANCHED CRYSTALLINE POLYPROPYLENE

BACKGROUND OF INVENTION

Field of Invention

[0001] The present invention relates to branched crystalline polypropylene
(BCPP) compositions and methods for the preparation of branched crystalline

polypropylene compositions.

" Description of Related Art

[0002] Various processes have been proposed for making polypropylene
compositions. Such different processes will typically have different variables and
parameters, including different monomer compositions, solvents, additives,
reaction conditions, catalyst systems, etc. The proper)ti,es and characteristics of the
final product have a great deal to do with the process variables and parameters that
are selected, and it has been recognized that small modifications in sgch variables
and parameters can create significant differences in not only the final product,
e.g., polymer properties, but also in the effectiveness of the overall process, e.g.,
catalyst productivity, presence or absence of gpl. Background references include
U.S. Patent Nos.. 5,571,;867, 6,225,432 B1, 6,323,284 BI1, 6,121,383, WO
99/29742, WO-00/37514, WO 02/070572, WO 01/58970, EP 0 645 401 A, EP 1
223 191 A, and Synthesis of Long-Chain Branched Propylene Polymers Via
Macromonomer Incorporation, Weng et al., MACROMOL. RAPID COM;vIUN., Vol.
22, No. 18, 1488-1492 (2001). »

[0003] An ongoing need exists for processes that provide polypropylene
with good processability and highA melt strength, which is desirable for
applications such as thermoforming, foa.ming,.and blow molding. Poor melt
strength of polypropylenes shows up as excess sag. in sheet extrusion, rapid
thinning of walls in parts thermoformed in the melt phase, low draw-down ratios
in extrusion coating, poor bubble formation in extrusion foam materials, and

relative weakness in large-part blow molding. Thus, it would be highly desirable
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to produce a po]ypropylexie having enhanced melt strength as well as
commercially valuable processability.

[0004] Furthermore, a need exists for a relatively straightforward method
of preparing polypropylene having desirable properties, particularly a method for
making a BCPP that does not require the use of a cross-linking agent, e.g., pést-.
polymerization treatments, or the use of comonomers that have been found to
result in undesirable gel formation, such as certain types of diene comonomers.
Finally, there is a need for a process demonstrating high catalyst productivity in
forming the BCPPs described herein.

SUMMARY OF INVENTION
[0005] Described herein are branched crystalline polypropylenes and

_processes for preparing branched crystalline polypropylenes. The processes in
certain aspects include: combining two or more different metallocene catalyst
compounds with a polymerization medium that includes propylene, for a time -
sufficient to provide branched crystalline polypropylene that has from 0.0 wt% to
2.0 wt% ethylene and a heat of fusion of 70 J/g or more. -
[0006] ~ In one or more specific embodimenfs, a process of preparing a |
unimodal polymer composition that includes branched crystalline polypropylene
is described, such process including combining two or more different metallocene
catalyst compounds with propylene monomers in a polymerization medium
having less than 30 volume percent diluent, or more preferably less than 25
volume or 20 volume percent diluent; coﬁducting polymerization of the propylene
‘monomers in the polymerization medium at a reaction temperature of 75‘;C or less
to form branched crystalline polypropylene; and recovering a branched crystalline
polypropylene that has (a) from 0.0 wt% to 2.0 wt% ethylene; (b) a heat of fusion
of 70 J/g or more; and (c) a unimodal molecular weight distribution.

[0007] Additionally described is a process of preparing a polymer
compositionA that includes branched crystalline polypropylene, comprising:

- conducting polymerization of propylene monomers in the presence of a first
metallocene catalyst compound and a second metallocene catalyst compound at a

temperature of 75°C or less to provide a composition that includes branched
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crystalline polypropylene containing from 0.0 wt% to 2.0 wt% ethylene, wherein:
(a) the first metallocene catalyst compound is capable of producing polypropylene
macromers; and (b) the second metallocene catalyst cbmpound is capable of
producing crystalline polypropylene having a weight average molecular weight of
100,000 Daltons or more.
[0008] Also described herein is a process of preparing a branched
crystalline polypropylene composition, which process includes: contacting a
~ polymerization mixture that includes propylene monomers with a first
metallocene catalyst compound and a second metallocene catalyst compound; and
conducting polymerization of the propylene monomers for a time sufficient to
form a branched crystalline polypropylene composition having a heat of fusion of
70 J/g or more, wherein: the first metallocene compound is an alkyl bridged
metallocene compound that has at least two indenyl rings or derivatives of indenyl
rings, each ring being substituted at one or both of the 4 and 7 positions; and the
second metallocene compound is a bridged metallocene compound that has at
least two indenyl rings or derivatives of indenyl rings, each ring being substituted
at the 2 and 4 positions. |
{0009) | Further described is a:_process of preparing a branched crystalline
polypropylene composition, which includes contacting a polymerization mixture
that includes propylene monomers with a first metallocene catélyst compound and
a second metalioc;ene catalyst compouhd; and conducting polymerization of the
propylene monomers for a time sufficient to form a branched crystalline
polypropylene composition having a heat of fusion of 70 J/g or more, wherein: the
first metallocerie compound is an alkyl bridged metallocene compound that has at
least two indenyl rings or derivatives of indenyl ﬁngs, each ring being substituted
at one or both of the 4 and 7 positions; the. second ‘metallocene compound is
different from the first metallocene compound; and the molar amount of the
secoﬁd metallocene compound contacting the polymerization mixture is greater
than the molar amount of the first metallocene compound contacting the
polymerization mixture.
{0010] Also described is a process of preparing a unimodal branched

crystalline polypropylene composition, including: combining a mixed metallocene



WO 20604/037872 - PCT/US2003/032194

catalyst system that includes at least a first metallocene compound and a second -
metallocene compound with a polymerization mixture that includes propylene
monomers in a reactor system, and carrying out polymerization of the propylene
monomers in the reactor system for a time sufficient to form a branched
crystalline polypropylene having a unimodal molecular weight distribution. In
such a process, the first metallocene compound is preferably one that can be

represented by the formula

wherein: M is a metal of Group 4, 5, or 6 of the Periodic Table, for
example titanium, zirconium, hafnium, vanadium, niobium, tantalum, chromium,
molybdenum and tungsten, preferably, zirconium, hafnium and titanium, most

preferably zirconium and hafnium;

R! and R? are identical or different, preferably identical, and are one of a

hydrogen atom, a C1-Cj alkyl group, preferably a C1-C3 alkyl group, a C1-Cio
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alkoxy group, preferably a C1-C3 alkoxy group, a Cg-Cj¢ aryl group, preferably
a Cg-Cg aryl group, a Cg-Cj( aryloxy group, preferably a Cg-Cg aryloxy group, a
Cr-C10 aikenyl group, preferably a Cy-Cy4 alkenyl group, a C7-Cy4q arylalkyl
group, preferably a C7-Cjq 'arylal'kyl group, a C7-C4q alkylaryl group, preferably
a C7-Cqp alkylaryl group, a Cg-C4¢ arylalkenyl group, preferably a Cg-Ci2
arylalkenyl group, or a halogen atom, preferably chlorine; or a conjugated diene
which is optionally substituted with one or more hydrocarbyl, trithydrocarbyl)silyl
groups or hydrocarbyl, tri(hydrocarbyl)silylhydrocarbyl groups, said diene having
up to 30 atoms not counting hydrogen;

R? and R* may be as defined for R' and R? but are preferably hydrogen

atoms;

RS and RO are identical or different, preferably idenfical, are one of a
hydrogen atom, a halbgen atom, preferably a fluorine, chlorine or bromine atom, a

C1-Cj¢ alkyl group, preferably a C1-C4 alkyl group, which may be halogenated,
a C4-Cq aryl group, which may be halogenated, preferably a Cg-Cg aryl group, a
Cy-C10 alkenyl group, preferably a C-C4 alkenyl group, a C7-C4q arylalkyl
group, ﬁreferab]y a C7-Cj arylalkyl group, a C7-C4¢ alkylaryl group, preferably
a C7-Cy2 alkylar).rl group, a Cg-Cq0 ai’ylalkenyl group, preferably a Cg-Cy2
arylalkenyl group, a -NRp15, -SR15, -ORIS, -OSiR3!S or -PRy!S radical,
wherein: R13 is one of a halogen atom, preferably a chlorine atom, a C1-Cio
alkyl group, preferably a C;-C3 alkyl group, or a Cg-Cq aryl group, preferably a
Cg-Cg aryl group; |
R7is
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R14 R1.4 R14 R4
LAZ , L/l2. ‘MZ ’ M2 (CRy16)— -
L15 ,L15 ,L15 ,L15
R14 R14 R14
o L/:Z oO— - |c , o !v:2
e e L

i
BR14)- -AlR14)., -Ge-, -Sn-, -0-, -S-, -SO-, -802-, -N(R14)-, -CO-, PR14)-,
or -P(O)R14)-;

wherein: R14, R15and R16 are identical or different and are a hydrogen
atom, a halogen atom, a C1-Cpq branched or linear alkyl group, a C1-C29
fluoroalkyl or silaalky! group, a C4-C3( aryl group, a Cg-C3¢ fluoroaryl group, a -
C1-Cap alkoxy group, a Co-Cy alkenyl group, a C7-Cq4 arylalkyl group, a Cg-
C4 arylalkenyl group, a C7;C40 alkylaryl group, or R14 and R13, together with
the atoms binding them, form a cyclic ring;

preferably, R14, R15and R16 are identical and are a hydrogen atom,.a
halogen atom, a C}-Cy4 alkyl group, a CF3 group, a Cg-Cg aryl group, a C6-C10
fluoroaryl group, more preferab]y a pentafluorophenyl group, a C1-C4 alkoxy
group, in particular a methoXy group, a C2-Cy4 alkenyl group, a C7-Cy arylalkyl
group, a Cg-C17 arylalkenyl group, or a C7-Cy 4 alkylaryl group;

M2 is carbon, silicon, germanium or tin;

R8 and RY are R8 and R? are identical or different, preferably identical

and have the meanings stated for RS and R,
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RI0, R11, R12 and R13 are identical or different and have the .meanings
stated for RS and RS;’
preferably, R12 and R11 are hydrogen and at least one of R13 and RI0,
preferably both, are identical or different, preferably identical, and are one of a
hydrogen atom, a halogen atom, preferably a fluorine, chlorine or bromine atom, a
C1-Cjg alky! group, preferably a C1-C4 alkyl group, which may be halogenated,
a Cg-C1 aryl group, which may be halogenated, preferably a Cg-Cg aryl group, a
‘ C2-C10 alkenyl group, preferably a Cp-C4 alkenyl group, a C7-Cy4q arylalkyl
group, preferably a C7-C1g arylalkyl group, a C7-C4 alkylaryl group, preferably
a C7-C12 alkylaryl group, a Cg-Cg4¢ arylalkenyl group, preferably a Cg-Cq2
irylalkeny] group, a -NRplS, -SR1S, -ORIS, -OSiR315 or PRI radical,
wherein: R15 is one of a halogen atom, preferably a chiorine atom, a CII-CIO
alkyl group, preferably a C1-C3 alkyl group, or a C¢-C1q aryl group, preferably a
Ce-Cg aryl group; _
m and n are identical or différent and are zero, 1 or 2, preferably zero or 1,
m plus n being zero, 1 or 2, preferably zero or 1.

In-the process described above, the second metallocene compound is

preferébiy one that can be represented by the formula:
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RS ' (])

wherein:

1

M! is selected from the group consisting of titanjum, zirconium, hafnium,
vanadium, niobium, famalum, chromium, molybdenum and tungsten;

R! and RZ are identical or different, and are oné of a hydrogen atom, a Ci-

C1 0 alky! group, é C1-C1o alkoxy group, a Cg-C1 aryl group, a Cg-Cj aryloxy

group, a C»-Cjq atkenyl group, a Cy-C40 alkenyl group, a C7-C4¢ arylalkyl

group, a C7-C40 alkylaryi group, a Cg-Cy4 arylalkenyl group, an OH group or a

halogen atom; R1 and R2 may also be joined together to form an alkanediyl group

or a conjugated C4.40 diene ligand which is coordinated to M! in a

_ metallocyclopentene fashion; R! and R?2 may also be identical or different

conjugated dienes, optionally substituted with one or more hydrocarbyl,

trithydrocarbyl)silyl groups  or hydrocarbyl, tri(hydrocarbyl)silyihydrocarbyl
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groups, said dienes having up to 30 atoms not counting hydrogen and forming a
complex with M, examples include 1,4-diphenyl-1,3-butadiene, 1,3-pentadiene, 2-
methyl-1,3-pentadiene, 2,4-hexadiene, 1-phenyl-1,3-pentadiene, 1,4-dibenzyl-1,3-
butadiene, 1,4-ditolyl-1,3-butadiene, 1,4-bis(trimethylsilyl)-1,3-butadiene, and
1,4-dinaphthyl-1,3-butadiene;

Each R3 is identical or different from the other R3 and is each a hydrogen
atom, a halogen atom, a C1-C1 ¢ alkyl group which may be halogenated, a C¢-C10
aryl group which may be halogenated, a C2-Cjq alkenyl group, a C7-C40 -
arylalkyl group, a C7-C4 alkylaryl group, a Cg-C4g arylalkenyl group, a -NR'2, -
SR, -OR|, -0SiR'3 or -PR') radical, wherein R'is one of a halogen atom, a Ci-
C1¢ alkyl group, ora C-C19 alyi group;

R4 to R7 are identical or different and are hydrogen, or are as defined for

- R3 or two or more adjacent radicals RS to R7 together with the atoms connecting

them form one or more rings;

R13 s 4
R14 R14 R4 R14
M2 L,.z !Vlz - !(,,2 _ (CRy16)— -
;L15 !215 |L15 | Fl{15
R14 R14 R14
0 !\/l2 o) , |C , o) !VIZ
;L15 | ;L15 4 .L15 .

BR14)- -AlR14)-, -Ge-, -Sn-, -O-, -S-, -SO-, -505-, -N(R14)-, -CO-, -PR14).,
or -POYR1%)-;
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wherein: R14, R15and R16 are identical or different and are a hydrogen
atom, a halogen atom, a C}-Cpg branched or linear alkyl group, a C1-Cgo
fluoroalkyl or silaalkyl group, a Cg-C3( aryl group, a Cg-C3 fluoroaryl group, a
C1-Co0 alkoxy group, a Cp-Cp alkenyl group, a C7-C4q arylalkyl group, a Cg-
C4q arylalkeny! group, a C7-C4 alkylaryl group, or R14 and R15, together with’
the atoms binding them, form a cyclic ring; B

or, R13 is represented by the formula:

R]B

wherein: R17 to R24 are as defined for Rl and .R2, or two or more

adjacent radicals R17 to R24, including R20 and R21, together with the atoms
connecting them form one or more rings;
M2 is one or more carbons, silicon, germanium or tin; and

RS, R9, R_1 0, R11 and R12 are identical or different and have the meanings stated
for R4 to R7. _

[0011] As mentioned above, various compositions are described herein.
For example, described herein is a polymer composition consisting essentialfy of
branched crystalline polypropylene homopolymer prepared in a polymerization
process comprising: combining two or more different metallocene catalyst
- compounds; said polypropylene homopolymer having a unimodal molecular

weight distribution and a heat of fusion of 70 J/g or more.
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[0012] In any of the compositions described herein, the two or more
metallocene catalyst compounds may include a first metallocene compound and a
second metallocene compound; the first metallocene “compound capable of
forming vinyl, vinylene, or vinylidene terminated polypropylene macromer with a
weight average molecular weight of less than 100,000 Daltons (i.e., if that first
metallocene is used in a polymerization reaction alone with propylene monomers
without any additional catalyst present); and the second metallocene compound
capable of forming a crystalline polypropylene with a weight average molecular
| weight of 100,000 Daltons or more and more preferably 150,000 Daltons or more
(i.e., if that second metallocene is used in a polymerization reaction alone with
propylene monomers without any additional catalyst present); wherein the molar
amount of the second metallocene compound is greater than the molar amount of

the first metallocene compound.

[0013] Also described herein is unimodal polymer composition that
includes branched crystalline polypropylene, prepared by the process that includes
combining two or more different metallocene éatélyst compounds with propylene
monomers in a polymerization medium héving less than 30 volume j)ercent
diluent; conducting polymerization of the propylene monomers in the
polymerization medium at a reaction temperature of 75°C or less; and recovering
a. branched crystailine polypropylene that has (a) from 0.0 wt% to 2.0 wt%
ethylene; (b) a heat of fusion of 50 J/g or more; and (c) a unimodal molecular
weight distribution. Preferably, the polypropylene has a Branching Index of 0.98

or less.

[0014] In another composition described herein, the two or more
metallocene catalyst compounds preferably include a first metallocene compound
and a second metallocene compound, wherein the first metallocene compound is
capable of forming a vinyl, vinylidene or vinylene terminated polypropylene
macromer with a weight average molecular weight of less than 100,000 Daltons;
and the second metallocene compound is capable of forming a crystalline
polypropylene with a weight average molecular weight of 100,000 Daltons or

more, and more preferably 150,000 Daltons or more; wherein the molar amount of
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the second metallocene compound is greater than the molar amount of the first
metallocene compound (the capability of each metallocene measured by separate

polymerizations).

'[0015] Additionally, a polymer composition is described that includes
branched crystalline polypropylene that is prepared by the process including:
conducting polymerization of propylene monomers in the presence of a first
metallocene catalyst compound and a second metallocene catalyst compound at a
temperature of 75°C or less to provide a composition that comprises branched
crystalline polypropylene containing from 0.0 wt% to 2.0 wt% ethylene, wherein:
(a) the first metallocene catalyst compound is capable of producing vinyl
terminated polypropylene macromers; and (b) the second metallocene catalyst
compound is capable of producing crystalline polypropylene having a weight

average molecular weight of 100,000 Daltons or more.

[0016] Described herein is a polymer composition that includes branched '
crystalline polypropylene having a heat of fusion of 50 J/g or more; a Branching

' Index of 0.98 or less; a unimodal molecular weight distribution; and from 0.0 wt%
to 2.0 wt% ethylene.

[0017] Also disclosed is a composition that includes the combination of
any of the polymer compositions described above together with one or more olefin
polymers selected from the group consisting of ethylene propylene rubber,
ethylene propylene diene monomer rubber, neoprehe rubber, styrenic block
copolymer rubbers (including SI, SIS, SB, SBS, SIBS rubbers), butyl rubber,
halobuty] rubber, star branched buty] rubber, copolymers of isobutylene and para-
alkylstyrene, halogenated. copolymers of isobutylene and para-alkylstyren,
homopolypropylene, propylene copolymerized with up to 50 weight % of ethylene
6r a C4 to C20 alpha-olefin, isotactic polypropylene, highly isotactic
polypropylene, syndiotactic polypropylene, random copolymer of propylene and
ethylene and/or butene and/or hexene, polybutene, ethylene vinyl acetate, low
density polyethylene (density 0.915 to less than 0.935 g/cm?®) linear low density
polyethylene, ultra low density polyethylene (density 0.86 to less than 0.90
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g/em?), very- low density polyethylene (density 0.90 to less than 0.915 g/cm’),
medium density polyethylene (density 0.935 to less than 0.945 g/cm®), high
density polyethylene (density 0.945 to 0.98 g/cm3),' ethylene vinyl acetate,
ethylene methyl acrylate, copolymers of acrylic acid, polymethylmethacrylate or
any other polymers polymerizable by a high-pressure free radical process,
polyvinylchloride, polybutene-1, isotactic polybutene, ABS resins, nylons
(polyamides), polycarbonates, PET resins, crosslinked polyethylene, copolymers
of ethylene and vinyl alcohol (EVOH), polymers of aromatic monomers such as
polystyrene, poly-1 esters, high molecular weight polyethylene having a density of
0.94 to 0.98 g/cm® low molecular weight polyethylene having a density of 0.94 to
0.98 g/em?®, graft copolymers generally, polyacrylonitrile homopolymer or
copolymers, thermoplastic polyamides, polyacetal, polyvinylidine fluoride and

other fluorinated elastomers, polyethylene glycols and polyisobutylene.

[0018] Furthermore, described herein is a foam that includes any of the
compositions described above; or a blow molded article that that includes any of
the compositions described above; or a thermoformed article that includes any of
the compositions described above; or a film that includes any of the compésitions
described above; or a fiber that includes any of tﬁe compositions described above;
or a sheet that includes any of the compositions described above; or a plaque that
includes any of the compositions described above; or a hose that includes any of
the compositions described above; or a belt that iné]udes any of the compositions
described above; or a tire that includes any of the compositions described above;
or a tape that includes any of the éompositions described above; or a fabric that
includes any of the compositions described above; or nonwoven that includes any
of the compositions described above; or a medical garment that includes any of
the compositions described above; or a wax crystal modifier that includes any of

the compositions described above.

(0019] Also described herein is a dynamically vulcanized alloy (DVA)

that includes an elastomer and any of the polymer compositions described above.
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[0020] Also described herein is an adhesive that includes any of the
polymer compositions described above together with a tackifier selected from the
group consisting of aliphatic hydrocarbon resins, aromatic modified aliphatic
hydrocarbon resins, hydrogenated polycyclopentadiene resins,
polycyclopentadiene resins, gum rosins, gum rosin esters, wood rosins, wood
rosin esters, tall oil rosins, tall oil rosin esters, polyterpenes, aromatic modified
polyterpenes,  terpene  phenolics,  aromatic modified .hydrogenated
polycyclopentadiene resins, hydrogenated aliphatic resin, hydrogenated aliphatic
aromatic resins, hydrogenated terpenes and modified terpenes, and hydrogenated

rosin esters. Other tackiferies are described in greater detail below.

DETAILED DESCRIPTION

[0021] Various specific embodiments, versions and examples of the
invention will now be described, including preferred embodiments and definitions
that are adopted herein for purposes of understanding the claimed invention. It is '
understood, however, that for purposes of assessing infringement, the scope of the
“invention” will refer to the appended claims, including their equivalents, and
elements or limitations that are equivalent to those that are recited. All referenées '
to the “invention” below are intended to distinguish claimed compositioﬁs and
methods from compositions and methods not considered to be part of this
invention. It is understood, therefore, that any reference to the “invention” may
refer to one or more, but not necessarily all, of the inventions defined by the
claims. References to specific “embodiments” are intended to correspbnd to
claims covering those embodiments, but not necessarily to claims that cover more

than those embodiments.

Definitions and Properties

{0022} Certain terms and properties, some of which appear in the claims,
will now be defined, as used in this patent and for purposes of interpreting the
. scope of the claims. To the extent a term used in a claim is not defined below, it
should be given the broadest definition persons in the pertinent art have given that

term as reflected in printed publications and issued patents.
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[{0023] As used herein, the term “solvent” is defined broadly, to refer to
any liquid medium in which any of the polymerization reactions described herein
can take place, but not including any liquid material that is polymerized, such as
monomers. The term “solvent” includes diluents, which are preferably inert, and
specifically includes the solvents and diluents disclosed in Weng et al., U.S.
6,225,432.

10024} The definition of the term “reactor system” used herein is any
-vessel, structure, enclosure, or combinations thereof in ‘which a polymerization
reaction is capable of taking place, and also includes any vessel or combination of
. vessels in which the various polymerization processes described herein take place,
in whole or in part. A reactor system can thus be or include a single reactor

vessel, or multiple reactor vessels, e.g., series or parallel reactors.

[0025] The teﬁn “metallocene” is defined broadly as a compound
represented by the formula Cpp,MR,Xq. The symbol “Cp” refers to either a
cyclopentadieny! ring, which may be substituted or unsubstituted, or a
cyclopentadienyl ring derivative, such as an indenyl ring, which may also be
substituted or unsubstituted. As discussed in greatef detail below, a preferred
metallocene compound includes two cyclopentadienyl rings, is sometimes referred
to- as a “bis-cyclopentadienyl” metallocene, and pr'eferred' cyclopentadienyl
derivatives are bis-indenyl and bis-tetrahydroindenyl metallocene compounds.
The symbol “M” refers to a Group 4, 5, or 6 transition metal, for example,
titanium,  zirconium, hafnium, vanadium, niobium, tantalum, chromium,
molybdenum and tungsten. The symbol “R” in the general formula above refers
to a hydrocarbyl group, e;g., methyl, or a hydrocarboxy group, each of which may
have from one to 20 carbon atoms. The symbol “X” refers to a halogen, e.g.,
chlorine, bromine, or fluorine. The letter “m” can represent 1, 2, or 3; the letter
“n” can represent 0, 1, 2, or 3; and the letter “q™ can represent 0, 1, 2, or 3. The
sum of m+n+q should be equal to the oxidation state of the transition metal.
Examples of metallocene compounds are found in U.S. Pat. Nos. 4,530,914;
4,542,199; 4,769,910; 4,808,561; 4,871,705; 4,892,851; 4,933,403; 4,937,299,
5,017,714; 5,057,475; 5,120,867; 5,132,381; 5,155,080; 5,198,401; 5,278,119;
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5,304,614; 5,324,800; 5,350,723; 5,391,790; 6,376,410; 6,376,412; 6,380,120;
6,376,409; 6,380,122; and 6,376,413. The portions of those patents describing the
metallocene compounds and the ingredients and procedures for making and using
such compounds are incorporated herein by reference. As discussed in greater
detail below, preferred metallocene catalyst compounds are subsets of the general
metallocene category, particularly those that provide the desired combinations of

properties, as well as those that have demonstrated remarkably high productivities.

[0026] The term “mixed metallocene catalyst system,” as used herein, is
defined as two or more different metallocene compounds, in combination with
other ingredients, such as co-catalysts, activators, and otﬁer compounds that
further aid the catalyst in promoting polymerization; but the term does not include
polymerizable materials; €.g., monomers or macromers, or inert solvents. One
metallocene is considered to be “different” from another metallocene when thé
two metallocenes have different chemical structures, except that metallocene -
compounds that are enantiomers of each other are not considered to be different
from each other. Preferably, the mixed metallocene catalyst system includes the
first and second metallocenes described below, and more preferably having the
specific structures indicated below and being contacted with the polymeriiation
.medium in the proportions and:manner described below. The two or more
metallocene compounds of the mixed metallocene catalyst system can be
introduced to a reactor system in a manner to cause the formation of a branched
polypropylene (BCPP) discussed herein. The reactor system may be a single
.reactor vessel in which the processes described herein may be conducted in a
continuous manner, so that each metallocene compound may be added to that
reactor simultaneously or sepérately, e.g., at different times and even in different
locations, e.g., by being imrodﬁced via separate catalyst feed streams.
Alternatively, a reactor system that includes multiple reactor vessels may be used,
in which case each metallocene compound may be added separately to the
_separate reactors. In one or more specific embodiments, each of the at least two
metallocene compounds simultaneously contact the polymerization medium at

some point during polymerization, and preferably contact propylene monomers,
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and more preferably contact both propylene monomers and polypropylene
macromers. In one or more embodiments of the processes described herein, both
metallocene compounds are supported, e.g., on silica or alumina particles; while

in other embodiments, the metallocene compounds are not supported.

[0027] An important feature of one or more specific embodiments of the
invention relates to the formation of crystalline polymers that are "branched,” at
least to some degree. Variouls procedures have been published, and either are or
" will be available to identify whether a polymer. is branched or not, and a polymer
is regarded herein as being "branched” to the extent branchihg can be detected,
rega:fdless of the method or equipment used for such detection. Preferably, the
crystalline polypropylene is branched to a degree that it can be measured
cjuantitatively, and even more preferably expressed in terms of a branching index.
A well known branching index for monodisperse polymers is used herein, referred
to herein as “Branching Index,” also known as g', which is defined as the ratio of
intrinsic viscosities of the branched t6 linear mdlecules, i.e., g =M Jor/[M Jiin. The
term "n" stands for intrinsic solution viscositj/. The term "[n]y" is the iptrinsic
viscosity for the branched polymer molecule, and the term "[n]." is that for a .
linear polymer molecule of equal molecular weight. For polydisperse samples the

Branching Index is an average branching index, <g'>avg, defined as:

N
Z G, x[n),

D) sramches _ 45

(7} iinear ZN: Cx[kxM[]

i=1

< g'> avg =

Here, the index i refers to a given polymer fraction, M; is the molecular weight of
that fraction as measured by light scattering, [n]; is the intrinsic viscosity of that
fraction measured by viscometry, C; is the coxlacentration of that fraction, and "k"
and "a" are the Mark Houwink coefficients for a linear polymer of the same
chemical species. These quantities are measured by a GPC setup with online light
scattering, viscometer, and concentration detectors. A polymer sample having
branching will have intrinsic viscosity that deviates from that of a linear polymer.

If a polymer sample is linear, the branching index, g', will be 1.0 (+/- 0.01). If a
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polymer sample is branched, the average branching index will be less than 1. A
lower branching index indicates more branching. In practice, average deviation
levels can be calculated from GPC-3D method involving three different detectors
on line - LALLS, Viscometry, DRI -- to measure, respectively, the molecular
weights, viscosity, and concentration of the polymer solution. First, the GPC-
LALLS data is used to measure molecular weight averages (Mw, Mj). The
respective intrinsic viscosity of the polymer solution, "n", is obtained from the
viscometer data while the concentration at each data point is provided by the DRI
technique. Finally the "n " is related to absolute molecular weight. Weight-
average values of g' are to be calculated from the data points that fall in the range
of from the characteristic My, of the polymer examined to the upper limit of
2,000,000 Daltons. For any case in which some values of My, are below 100,000
Daltons, the weight average is calculated using only those points between 100;000
Daltons and 2,000,000 Daltons. To calculate the . branching index for
polypropylene that includes at least some ethylene monomer units, the following |
equations should be used: g' = 1.18w, where "wW" is the weight fraction of
ethylene. '

[0028] Melting and crystallizati;)n temperatureé of the polymers (Tm and
Tc) are measured on a DuPont DSC-912 with thin molded film samples, scanning
at 10° C/min. The melting temperatures described herein are obtained from the

second melt.

[0029] * As used herein, the term “polypropyleﬁe” means a polymer made
of at least 50% propylene units, preferably at least 70% propylene units, more
preferably at least 80% propylene units, even more preferably at least 90%
propylene units or 95% propylene units, and most preferably essentially 100%
propylene units, which polypropylene is referred to as a “homopolymer.” In one
or more specific embodiments described herein, a “polypropylene” referenced
herein may have 65 wt% or more. propylene; or 80 wt% or more propylene; or 90

~wt% or more propylene; or 97 wt% or more propylene.

[0030] A polypropylene polymer made according to the processes

described herein is considered distinguishable from polymers that are sometimes
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described in the scientific or patent literature as “polypropylene” but which
contain undesirably high levels of ethylene. It has been recognized that even
relatively small amounts of ethylene monomer can have a -significant or
substantial effect on final polymer properties. Accordingly, as used herein, the
term “polypropylene” refers to a polypropylene polymer with no moré than 3.0
wit% ethylene; or no more than 2.5 wi% ethylene. Preferably, the polypropylenes
described herein have no more than 2.0 wt% ethylene; or no more than 1.5 wt%

~ ethylene; or no more than 1.0 wt% ethylene.

[0031] As used herein, the term “linear polypropylene” means a
polypropylene having no detectable branching (quantitatively or qualitatively),
preferably a Branching Index of 1.0 (+/- 0.02).

[0032] As used herein, the term “branched polypropylene” (BCPP) means
a polypropylene that is branched (detected quantitatively or qualitatively), and
preferably has a Branching Index, based on measured data, of less than 1.0 (+/-
0.02).

[0033]  Asused herein, the term “polymerization medium” includes at least
the monomers that. form the polypropylene polymer and 'optionally a solvent. The
term “polymerization medium” does not include a catalyst system, e.g., catalyst
compounds or activators. After polymerization has begun, the polymerization
medium may also include products of polymerizatibn, e.g. macromers and other

polymers.

160943 s—usethrererm—thrc—termr—istorry=polymerization” means a
polymerization process in which particulate, solid polymer is formed in a liquid or

vapor polymerization medium.

[0035) As used herein, ‘the term “bulk process” means a polymerization
process in which the polymerization medium consists entirely of or consists
essentially of monomers and any products of polymerization that has taken place,

e.g. macromers and polymers, but does not include solvent.
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[0036] As used herein, the term “macromer” is defined as a polymeric .
structure that contains monomers, €.g., propylene monomer units. A macromer is
a polymer with a relatively low molecular weight, in contrast with the fully
formed polymer. For example, a macromer can be a polymer having a weight
average molecular weight (M) of 150,000 or leés, or more narrowly 100,000 or.
Jess, or 80,000 or less. Narrower preferred ranges for the macromer are from
1,000 to 100,000, or from 10,000 to 80,000. Although the macromers described
herein are types of polypropylene polymers, they are not considered to be fully
formed polypropylene polymers, e.g., they do not necessarily have the desired
properties, structures, or molecular weights, e.g., as those of the final polymer
product. The macromers described herein preferably have only a small amount of
branching or no branching. Preferably, however, they are crystalline, being either
isotactic or syndiotactic. In at least certain e}nbodiments, during polymerization a
macromer is incorporated into the branched crystalline polypropylene poiymer

that is formed according to processes described herein.

[0037) As used herein, the terms “unimodal” and “unimodal molecular
weight distribution” are defined as any molecular weight distribution of a pblymer
composition that is neither bimodal nor multimodal, and broadly encompasses any.
'polyxher composition of which a GPC-3D curve can be taken, and the derivative
of such GPC-3D curve demonstrate no inflection point. Preferably, a GPC-3D
curve is prepared using the viscometer test procedures, conditions and equipment
set forth in the article, “Effect of Short Chain Branchihg on the Coil Dimensions
of Polyolefins in Dilute Solutions,” by T. Sun, P. Brant, R. Chance and W.
Graessley, Macromolecules 2001, Vol. 34 (No. 19), pages 6812-6820, which is

incorporated herein by reference.

[0038] - The amount of vinyl chain ends is determined by 'H NMR as set
forth in the literature, specifically in Weng et al.,, Macromol. Rapid Commun.
2000, 21, 1103-07.

[0039] The terms “molecular weight” (M, and My) and “polydispersity”

(Mw/Mn) are intended to broadly encompass molecular weights that are obtained,
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measured and/or calculated using any published procedure, except to the extent a
particular procedure is specified herein. Preferably, the molecular weights are
measured in accordance with the procedure described in the article by T. Sun et

al., cited above.

[0040] The “melt flow rate” (MFR) is measured in accordance with
ASTM D-1238 at 230°C and 2.16 kg load.

[0041] A property that can be used to characterize the branched crystalline
'polypropylenes described herein is its heat of fusion. As used herein, the “heat of
fusion” is measured using Differential Scanning Calorimetfy (DSC), using the

~ ASTM E-794-95 procedure. About 4 mg to about 10 mg of a sheet of the polymer
pressed at approximately 200°C to 230°C is removed with a punch die and is
annealed at room temperature for 48 hours. At the end of this period, the sample

_ is placed in a Differential Scanning Calorimeter (Perkin Elmef 7 Series Thermal
Analysis System) and cooled to about -50°C to -70°C. The sample is heated at
about 10°C/min to attain a final temperature of about 180°C to about 200°C. The
thermal output is recorded as the area under the melting peak of the sample which
is typically at a maximuﬁ peak at about 30°C to about 175°C and occurs between
the temperatures of about 0°C and about 200°C. The thermal output is measured
in Joules as a measure of the heat of fusion. The melting point is recorded as the
temperature of the greatest heat absorption within the range of melting

temperature of the sample.

[0042] The term “isotactic” as used herein is defined as referring to a
polymer sequence in which more than 50% of adjacent monomers having groups
of atoms that are not part of the backbone structure are located either all above or

all below the atoms in the backbone chain, when the latter are all in one plane.

[0043] The term “syndiotactic” as used herein is defined as referring to a
polymer sequence in which more than 50% of adjacent monomers which have

groups of atoms that are not part of the backbone structure are located in some
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symmetrical fashion above and below the atoms in the backbone chain, when the

latter are all in one plane.

[0044] The branched polypropylene polymers described herein are
characterized as being “crystalline.” The crystallinity of a polymer can be
expressed in terms of percent crystallinity, usually with respect to some reference
or benchmark crystallinity. The crystallinities of the polypropylenes described
herein are expressed as a percentage of the crystallinity of isotactic polypropylene
homopolymer, which is defined herein to be 190 J/g. Thus, in one or more
specific embodiments, crystalline polypropylene compositions described herein
have a crystallinity of from 30% of the crystallinity of an isotactic polypropylene
homopolymer, preferably from 40% to 50%. Preferably, heat of fusion is used to
actually measure crystallinity for purposes of comparing to isotactic
polypropylene homopolymer. Thus, for example, based on a heat of fusion for a
highly crystalline polypropylene homopolymer of 190 J/g, a branched crystalline ‘
polypropylene having a heat of fusion of 95 J/g will have a crystallinity of 50%.

[0045] ‘The term “melting point” for a material as used herein is defined as
the highest peak among principal and secondary meltihg peaks as determined by ‘
- Differential Scanning Calorimetry (DSC), discussed above.

[0046] As used herein, the term “productivity” is defined as the weight of
polymer produced per weight of the catalyst used in the polymerization process
per 1 hour of polymerization time (e.g., grams polyﬁer/grm catalyst/hr). Note
that the term “caialyst” may actually refer to a mixed catalyst system, which
includes at least two different catalyst compounds, in which case the productivity

value refers to the productivity of the combined catalysts.

Specific Embodiments of Processes

[0047] Certain specific embodiments of the invention will now be
discussed. As described in greater detail below, at least certain embodiments of
the process result in crystalline branched polypropylene, and yet avoid the

necessity for using diene comonomers, particularly those diene comonomers that
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result in gel formation, or for using hydrogen during polymerization, and yet
provide a branched polypropylene that is crystalline and has high melt strength
and other desirable properties. An advantage to certain embodiments is
unexpectedly high productivities. Furthermore, although two different catalysts
are used, the compoéitions in certain preferred embodiments unexpectedly have a

unimodal composition.

[0048] In one or more specific embodiments, a process of preparing a

" polymer composition that includes branched crystalline polypropylene is
described, which process includes: combining two or more different metallocene
catalyst compouﬁds with a polymerization medium that includes propylene, for a
time sufficient to provide branched crystalline polypropylene that has from 0.0
Wi% t0 2.0 W% ethylene and a heat of fusion of 70 J/g or more.

[0049] In one or more specific embodiments, a process of preparing a
unfmodal polymer composition that includes branched crystalline polypropylene
is described, such process including combining two or more different metallocene
catalyst compounds with propylehe monomers in a polymerization medium
having less than 30 volume percent diluent, or more preferably less than 25
volume or 20 volume percent diluent; conducting polymérizati_on of the propylene
monomers in the polymerization medium at a reaction temperature of 75°C or less
to form branched crystalline polypropylene; and recovering a branched crystalline
polypropylene that has (a) from 0.0 wt% to 2.0 wi% ethylene; (b) a heat of fusion

of 70 J/g or more; and (c) a unimodal molecular weight distribution.

[0050] Additionally described is a process of preparing a polymer
composition that includes branched crystalline polypropylene, comprising:
conducting polymerization of propylene monomers in the presence of a first
metallocene catalyst compound and a second metallocene catalyst compound at a
temperature of 75°C or less to provide a composition that includes branched
crystalline polypropylene containing from 0.0 wi% to 2.0 wt% ethylene, wherein:
(a) the first metallocene catalyst compound is capable of producing polypropylene

macromers; and (b) the second metallocene catalyst compound is capable of



_ WO 2004/037872 PCT/US2003/032194
24

producing crystalline po]yprdpy]ene having a weight average molecular weight of
100,000 Daltons or more.

[0051] Also described herein is a process of preparing a branched
crystalline polypropylene composition, which process includes: contacting a
polymerization mixture that includes propylene monomers with a first
metallocene catalyst compound and a second metallocene catalyst compound; and
conducting polymerization of the propylene monomers for a time sufficient to
form a branched crystalline polypropylene composition having a heat of fusion pf
70 J/g or more, wherein: the first metallocene compound is an alkyl bridged
metallocene compound that has at least two indenyl rings or derivatives of indenyl
rings, each ring being substituted at one or both of the 4 and 7 positions; and the
second metallocene compound is a bridged metallocene compoﬁnd that has at
least two indenyl rings or derivatives of indenyl rings, each ring being substituted

at the 2 and 4 positions.

[0052] Further described is a process of preparing a branched crystalline
polypropylene composition, which includes contacting a polymeri'zation mixture
that includes propylene monomers with a first metallocene catalyst compound and \
. a second metallocene catalyst compound; and conducting polymerization of the
propylene monomers for a ‘time sufficient to form a branched crystalline
polypropylene composition having a heat of fusion of 70 J/g or more, wherein: the
first metallocene compound is an alky] bridged metallocene compound that has at
least two indenyl ringé or derivatives of indeny! rings, each ring being substituted
at one or both of the 4 and 7 positions; the second metallocene compound is
different from the first metallocene compound; and the molar amount of the
second metallocene compound contacting the polymeérization 'rnixtureiis greafer
‘than the molar amount of the first metallocene compound contacting the

polymerization mixture.

[0053] Also described is a process of preparing a unimodal branched
crystalline polypropylene composition, including: combining a mixed metallocene

catalyst system that includes at least a first metallocene compound and a second
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metallocene compound with a polymerization mixture that includes propylene
monomers in a reactor system, and carrying out polymerization of the propylene
monomers in the reactor system for a time sufficient to form a branched
crystalline polypropylene having a unimodal molecular weight distribution. In
such a procéss, the first metallocene compound is preferably represented by the

formula:

wherein: M is a metal of Group 4, 5, or 6 of the Periodic Table, for
example titanium, zirconium, hafnium, vanadium, niobium, tantalum, chromium,
molybdenum and tungsten, preferably, zirconium, hafnium and titanium, most

preferably zirconium and hafnium;
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RI and RZ are identicél or different, preferably identical, and are one of a
hydrogen atom, a C1-Cy alkyl group, preferably a C1-C3 alkyl group, a C1-Cyg
alkoxy group, preferably a C3-C3 alkoxy group, a Cg-Cj ¢ aryl group, preferably
a Cg-Cg aryl group, a Cg-C1 aryloxy group, preferably a C4-Cg aryloxy group, a
Cy-Cj0 alkenyl group, preferably a C)-C4 alkenyl group, a C7-C4q arylalkyl'
group, preferably a C7-Cyq arylalkyl group, a C7-C4q alkylaryl groﬁp, preferably
a C7-C1p alkylaryl group, a Cg-C4q arylalkenyl group, preferably a Cg-Cip '
arylalkenyl group, or a halogen atom, preferably chlorine; or a conjugated diene
which is optionally substituted with one or more hydrocarbyl, trithydrocarbyl)silyl
groups or hydrocarbyl, tri(hydrocarbyl)silylhydrocarbyl groups, said diene having
up to 30 atoms not counting hydrogen;

R? and R? may be as defined for R! and R? but are preferably hydrogen

atoms;

RS and R® are identical or different, preferably identical, are one of a
hydrogen atom, a halogen atom, preferably a fluorine, chlorine or bromine atom, a

C1-C10 alkyl group, preferably a C1-C4 alkyl group, which may be halogenated,
a Cg-C1 aryl group, which may be halogenated, prefei-ably a Cg-Cg aryl group, a
Cy-C10 alkenyl group, preferably a C-C4 alkenyl group, a C7-C4q arylalkyl
group, preferably a C7-Cj arylalkyl group, a C7-C4q alkylaryl group, preferably
a C7-C12'alky1ar$ll group, a Cg-C4( arylalkenyl gr_oup; preferably a Cg-Cyo
arylalkeny] group, a -NRy15, -SR15, -OR15, -OSiR315 or -PRy!S radical,
wherein: _R15 is one of a halogen atom, preferably a chlorine atom, a C1-Cjo
alkyl group, preferably a C1-C3 alkyl group, or a C4-Cy( aryl group, preferably a
Cg-Co aryl group;
R7is
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|M2 - !\AZ !vu2 , L/IZ (CRx16)— -
e de ke b
R14 R14 R14
O—M2 —O0 ’ L L —o : !\AZ
L ks e

BR14)- -AIR14)-, -Ge-, -Sn-, -O-, -S-, -SO-, -S05-, -N(R14)-, -CO-, -PR14).,
or -P(O)R14)-;

wherein: R14, R15and R16 are identical or different and are a hydrogen
atom, a halogen atom, a Ci-Cyq branched or linear alkyl group, a C1-Cyq
fluoroalky! or silaalkyl group, a Cg-C3g aryl. group, a Cg-C3 fluoroaryl grou;l), a
C1-Cop alkoxy group, a C3-Coq alkenyl group, a C;-C4¢ arylalkyl group, a Cg-
C40 arylalkenyl group, a C7-C4¢ alkylaryl group, or R14 and >R15, together with
the atoms binding them, form a cyclic ring;

preferably, R14, R15and R16 are identical and are a hydrogen atom, a
halogen atom, a C1-C4 alkyl group, a CF3 group, a C4-Cg aryl group, a Cg-C1
fluoroaryl group, more preferably a pentafluorophenyl group, a C1-C4 alkoxy
group, in particular a methoxy group, a Cy-C4 alkenyl group, a C7-Cyg arylalkyl
group, a Cg-Cj2 arylalkenyl group, or a C7-C1 4 alkylaryl group;

M2 is carbon, silicon, germanium or tin;

R8 and R are R8 and RY are identical or different, preferably identical

and have the meanings stated for RS and RS;
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R10 R! 1 R12 and R13 are identical or different and have the meanings
stated for R and RY;
preferably, R12 and R11 are hydrogen and at least one of R13 and R10,

preferably both, are identical or different, preferably identical, and are one of a

hydrogen atom, a halogen atom, preferably a fluorine, chlorine or bromine atom, a

C1-Cq alkyl group, preferably a C1-C4 alkyl group, which may be halogenated,
a Cg-Cy aryl group, which may be halogenated, preferably ra Cg-Cg aryl group, a
Cy-Cjqq alkenyl group, preferably a C-C4 alkenyl group, a C7-C40 arylalkyl
group, preferably a C7-Cj arylalkyl group, a C7-C4 alkylaryl group, pkeferably

a Cy-Cjy2 alkylaryl group, a Cg-Cy4p arylalkenyl group, preferably a Cg-Cpo

arylalkenyl group, a -NRp!5, -SR15, -ORI5, -OSiR315 or -PRy1S radical,
wherein: R15 is one of a halogen atom, preferably a chlorine atom, a C;-Cjg
alkyl group, preferably a C1-C3 alkyl group, or a Cg-Cj) aryl group, preferably a
Cg-Co aryl group;

m and n are identical or different and are zero, 1 or 2, preferably zeroor 1,
m plus n being zero, 1 or 2, preferably zero or 1; and

In the process described above, the second metallocene compound is

preferably represented by the formula:

PCT/US2003/032194

N
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(1)

wherein:

Ml s selected from the group consisting of titanium, zirconium, hafnium,

vanadium, niobium, tantalum, chromium, molybdenum and tungsten;

R and R2 are identical or different, and are one of a hydrogen atom, a Cy-
Cig alky! group, a C1-Cq alkoxy group, a C¢-Cq aryl group, a Cg-C1g aryloxy
group, a Cy-Cyg alkenyl group, a C2-Cygq- alkenyl group, a C7-C4q arylalkyl
group, a C7-Cy4q alkylaryl group, a Cg-C4¢ arylalkenyl group, an OH group or a
halogen atom; R1 and R2 may also be joined together to form an alkanediyl group
or a conjugated Cq.40 diene ligand which is coordinated to M! in a
metallocyclopentene fashion; R! and R2 may also be identical or different
conjugated dienes, optionally substituted with one or more hydrocarbyl,
tri(hydrocarbyl)silyl groups or hydrocarbyl, tri(hydrocarbyl)silylhydrocarbyl

groups, said dienes having up to 30 atoms not counting hydrogen and forming a
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complex with M, examples include 1,4-diphenyl-1,3-butadiene, 1,3-pentadiene, 2-
methyl-1,3-pentadiene, 2,4-hexadiene, 1-phenyl-1,3-pentadiene, 1,4-dibenzyl-1,3-
butadiene, 1,4-ditolyl-1,3-butadiene, 1,4-bis(trimethylsilyl)-1,3-butadiene, and
1,4-dinaphthyl-1,3-butadiene;

Each R3 is identical or different from the other R3 and is each a hydrogen-
atom, a halogen atom, a C1-C1g alkyl group which may be halogenated, a Cg-C19
aryl group which may be halogenated, a C)-C1q alkenyl group, a C7-C4q -
arylalkyl group, a C7-C4p alkylaryl group, a Cg-Cy4p arylalkenyl group, a NR' ,-
SR’, -OR, -OSiR'3 or -PR'y radical, w‘herein R’ is one of a halogen étom, a Cy-
C alkyl group, or a Cg-C1g aryl group;

R4 to R7 are identical or different and are hydrogen, or are as defined for

R3 or two or more adjacent radicals RS to R7 together with the atoms connecting

them form one or more rings;

R13is
R14 R14 R14 . R4
| | o -
M2 , M2 M2 , M2 (CR216)_ )
.L15 ,L15 L15 . ;L15
R4 R14 - R14

| | |
O0—- M2 o ; c , 0—M2

;L15- | ,L15 ,L15

BRI14)- -AlR!4)-, -Ge-, -Sn-, -0-, -S-, -80-, -S02-, N(R!4)-, -CO-, -PR14).,
~or -PO)R14)-;

wherein: R14, R15and R16 are identical or different and are a hydrogen
atom, a halogen atom, a Cj-Cp branched or linear alkyl group, a Cl'_C20
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fluoroalkyl or silaalky] group, a Cg-C3q aryl group, a Cg-C3( fluoroaryl group, a
C1-C20 alkoxy group, a C2-Cpq alkenyl group, a C7-C4¢ arylalkyl group, a Cg-
C40 arylalkenyl group, a C7-C4q alkylaryl group, or R14 and R15, together with
the atoms binding them, form a cyclic ring;

or, R13 is represented by the formula:

Rl 8
RrRY R®
\M2 R20
. 21
e p R
R24 N R22
R23

wherein: R17 to R24 are aé defined for R1 and R2, or two or more
adjacent radicals R17 to R24, including R20 and R21, together with the atoms
connecting them form one or more rings;

M2 is one or more carbons, silicon, germanium or tin;
R8, RY, R10 R11 and R12 are identical or diffenenf and have the meanings stated
for R4 to R7.
[0054] In any of the processes described above, the branched crystalline
polypropylene preferably has a propylene content of 97 wt% or more.

[0055] In any of the processes described above, the branched crystalline
polypropylene preferably has from 0.0 wt% to 0.01 wt%, preferably 0.01 wi%,

alpha omega dienes.

{0056] In any of the processes described above, the two or more different
metallocene catalyst compounds are preferably combined with propylene at a

temperature of 75°C or less to form the branched crystalline polypropylene; and
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more preferably combined at a temperature of 70°C or less to form the branched

crystalline polypropylene.

[0057] In any of the processes described above, the branched crystalline

polypropylene is preferably isotactic or syndiotactic, more preferably isotactic.

[0058] In any of the processes described above, the two or more different
metallocene catalyst compounds are preferably combined with propylene in the
absence of hydrogen or in the presence of hydrogen in an amount of up to 1.0

mole% hydrogen in the reactor.

[0059] In any of the processes described above, each of the two or more
different metallocene compounds is preferably used in the process as the product

of combining the metallocenes, activators and support material.

{0060] . In any of the processes described above, the prodﬁctivity of the
catalyst compounds is preferably 10,000 or more grams polymer per gram
catalyst/hr; or 15,000 or more grams polymer per gram catalyst/hr; or 20,000 or
more grams poiymer per gram catalyst/hr. ’ '

[0061] In any of the processes described above, the heat of fusion of the
branched crystalline polypropylene is preferably 80 J/g or more, but in other
embodiments can be lower, e.g., 50 J/g or more, or 60 /g or more, or 70 J/g or
more. In preferred embodiments, the heat of fusion of the branched crystalline

polypropy]ené is 90 J/g or more; or 100 J/g or more; or 110 J/g or more.

{0062] In any of the processes described above, the branched crystalline
polypropylene can have a Branching Index of 0.97 or less; or a Branching Index
of 0.95 or less; or a Branching Index of 0.90 or less; or a Branching Index of 0.80

or less.

[0063] In any of the processes described above, the branched crystalline
‘polypropylene is preferably formed in a polymerization medium comprising 30%

or more propylene monomers by volume prior to initiation of polymerization.



WO 2004/037872 PCT/US2003/032194
33

[0064] In any of the processes described above, the two or more
metallocene catalyst compounds preferably include a first metallocene compound
and a second metallocene compound, wherein: the first metallocene. compound is
capable of forming a polypropylene macromer with a weight average molecular
weight of less than 100,000 Daltons; the second metallocene compound is capable
of forming a crystalline polypropylene with a weight average molecular weight of
100,000 Daltons or more; and the molar amount of the second metallocene

compound is greater than the molar amount of the first metallocene compound.

[0065] In any of the processes described above, the sécond metallocene
- compound is preferably combined in a molar amount of at least three times as
~ much as the molar amount of the first metallocene.  Alternatively, the second
metallocene compound is combined in a molar amount of at least ten times as

much as the molar amount of the first metallocene compound.

[0066]) In any of the processes described above, one of the two
metallocene catalyst compounds preferably includes an ethylene bridged,

bis(indenyl) compound substituted at both the 4 and 7 positions with the same
alkyl group.

[0067] . In any of the processes described above, one of the metallocene
catalyst compounds preferably includes a substituted or unsubstituted ethylene-
bridged bis-indenyl metallocene, and another metallocene includes a substituted or

unsubstituted silyl bridged bis-indeny! metallocene.

[0068] In any of the processes described above, one of the metallocene

compounds is preferably represented by the formula
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wherein: M is a metal of Group 4, 5, or 6 of the Periodic Table, for
example titanium, zirconium, hafnium, vanadium, niobium, tantalum, chromium,
molybdenum and tungsten, preferably, zirconium, hafnium and titanium, most -

preferably zirconium and hafnium;

R! and R2 are identical or different, preferably identical, and are one of a
hydrogen atom, a C1-Cj¢ alkyl group, preferably a C1-C3 alkyl group, a C1-Cyp
alkoxy group, preferably a C.1-C3 alkoxy group, a Cg-C1 aryl group, preferably
a Cg-Cg aryl group, a Cg-C1g aryloxy group, preferably a Cg-Cg aryloxy group, a
Cp-Cq0 alkenyl group, preferably a C3-C4 alkenyl group, a C7-C4q arylalkyl
group, preferably a C7-Cq arylalky! group, a C7-Cy4q alkylaryl group, preferably

“a C7-C17 alkylaryl group, a Cg-C4q arylalkenyl group, preferably a Cg-Cyo

arylalkenyl group, or a halogen atom, preferably chlorine; or a conjugated diene
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which is optionally substituted with one or more hydrocarbyl, tri(hydrocarbyl)silyl
groups or hydrocarbyl, tri(hydrocarbyl)silylhydrocarbyl groups, said diene having
up to 30 atoms not counting hydrogen;

R} and R* may be as defined for R' and R? but are preferably hydrogen
atoms;

R5 and RS are identical or different, preferably identical, are one of a
hydiogen atom, a halogen atom, preferably a fluorine, chlorine or bromine atom, a
- C1-Cq0 alkyl group, preferably a C1-C4 alkyl group, which may be halogenated,
a Cg-Cy aryl group, which may be halogenated,lpreferably a Cg-Cg aryl group, a
. Cy-Cjq alkenyl group, preferably a C»-C4 alkenyl group, a C7-C4( arylalkyl
group, preferably a C7-Cyq arylalkyl group, a C7-C4 alkylaryl gxoup,lpreferably
é C7-Cq2 alkylaryl group, a Cg-Cy4¢ arylalkenyl groﬁp, preferably a Cé_-Clz
arylalkenyl group, a -NRy!5, -SR15, -OR!5, -0SiR315 or -PRy15 radical,
wherein: R15 is one of a halogen atom, preferably a chlorine atom, a C1-Cyg
alkyl group, preferably a C1-C3 alkyl group, or a C6-C10 aryl group, preferably a
Cg-Co aryl group; ' |

R7 is |
R14 . R14 R4 R4
IMz : L,.z M2 . L,,z (CRp16)—_
||q15 ;L15 L15 ,L15
R14 R14 R14
0 LAZ o— __L_ , 0— !VIZ
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BR14)- -AlR14)-, -Ge-, -Sn-, -O-, -S-, -SO-, -80-, -N(R!4)-, -CO-, -PR14}.,
or -P(O)YR4)~
wherein: R14, R15and Rlv6 are identical or different and are a hydrogen
atom, a halogen atom, a Cj-Cpq branched or linear alkyl group, a C1-Cpp
fluoroalky! or silaalky! group, a Cg-C3 aryl group, a Cg-C30 fluoroaryl group, a |
C1-Cyg alkoxy group, a C-Cyq alkenyl group, a C7-C4¢ arylalkyl -group, a Cg-
C4 arylalkenyl group, a C7-Cyq alkylaryl group, or R14 and R15, together with
the atoms binding them, form a cyclic ring; '
preferably, R14, R15and R16 are identical and are a hydrogen atom, a
halogen atom, a C1-Cy4 alkyl group, a CF3 group, a Cg-Cg aryl group, a C6-Cjg
fluoroaryl group, more preferably a pentafluorophenyl group, a C;-Cy alkoxy
group, in particular a methoxy group, a C2-C4 alkenyl group, a C7-Cyg arylalkyl
group, a Cg-Cq arylalkenyl group, or a C7-C14 alkylaryl group;
M2 is carbon, siliAcon, germanium or tin;,
R8 and RY are R8 and R? are identical or different, preferably identical
and have the meanings stated for RS and R6;
‘ RIO, Rl 1, R12 and R13 are identical or different and have the meanings
stated for RS and R6; ,
preferably, R12 and R1! are hydrogen and at least one of R13 and Rm,
preferably both, are identical or different, preferably identical, and are oné of a
hydrogen atom, a ﬁalogen atoni, preferably a fluorine, chlorine or bromine atom, a
- C1-Cy alkyl group, preferably a C1-C4 alkyl group, which may be halogenated,
a Cg-Cq( aryl group, which may be halogenated, preferably a Cg-Cg aryl bgroup, a
Cp-Cqq alkenyl group, preferably a C-C4 alkenyl group, a C7-C4g arylalkyl
group, preferably a C7-Cy ¢ arylalkyl group, a C7-C4q alkylaryl group, preferably
a C7-Cy2 alkylaryl group, a Cg-C4q arylalkenyl group, preferably a Cg-Clz.
arylalkenyl group, a -NRy!15, -SR15, -OR15, -0SiR315 or -PRy!3 radical,

wherein: R17 is one of a halogen atom, preferably a chlorine atom, a C1-Cig
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élkyl group, preferably a C1-C3 alkyl group, or a Cg-Cj aryl group, preferably a
Cg-Co aryl group;

m and n are identical or different and are zero, 1 or 2, preferably zero or 1,
m plus n being zero, 1 or 2, preferably zero or 1;

and the other metallocene compound is preferably represented by the formula:

(1

wherein: M1 is selected from the group consisting of titanium, zirconium,

hafnium, vanadium, niobjum, tantalum, chromium, molybdenum and tungsten;

R! and R? are identical or different, and are one of a hydrogen atom, a Cy -
C10 alky! group, a C1-Cjq alkoxy group, a Cg-Cy( aryl group, a C¢-C1q aryloxy
group, a Cp-Cyq alkenyl group, a Cp-Cyq alkenyl group, a C7-C4q arylalkyl
group, a C7-C4 alkylaryl group, a Cg-Cy4() arylalkenyl group, an OH group or a
halogen atom; R1 and R2 may also be joined together to form an alkanediyl group

or a conjugated C4.4¢ diene ligand which is coordinated 1o M! in a
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metallobyclopentene fashion; R1 and R2 may also be identical or different
conjugated dienes, optionally substituted with one or more hydrocarbyl,
trithydrocarbyl)silyl groups or hydrocarbyl, trithydrocarbyl)silylhydrocarbyl
groups, said dienes having up to.30 atoms not counting hydrogen and forming a =t
complex with M, examples include 1,4-diphenyl-1,3-butadiene, 1,3-pentadiene, 2-
methyl-1,3-pentadiene, 2,4-hexadiene, 1-phenyl-1,3-pentadiene, 1,4-dibenzyl-1,3-
butadiene, 1,4-ditolyl-1,3-butadiene, 1,4-bis(trimethylsilyl)-1,3-butadiene, and
1,4-dinaphthyl-1,3-butadiene; ‘

Each R3 is identical or different from the other R3 and is each a hydrogén
atom, a halogen atom, a C1-C1 alkyl group which may be halogenated, a Cg-C1g
aryl group which may be halogenated, a Co-Cyq alkenyl group, a C7-C40 -
arylalkyl group, a C7-C4q alkylaryl group, a Cg-C4( arylalkenyl group, a -NR'2, -
SR’, -OR/, -OSiR‘3 or -PR'7 radical, wherein R is one of a halogen atom, a Cy-
C10 alkyl group, or a Cg-Cj aryl group;

R4 to R7 are identical or different and are hydrogen, or are as defined for

R3 or two or more adjacent radicals R5 to R7 together with the atoms conhecting -

them form one or more rings;

R13 s
RrR14 R14 R14 R14
|M2 . lmz IM2 W (CRE—
[L1 5 ‘L1,5 |L1 5 }L1 5
R14 R14 R14
| | |
0—M2 o) ' C ) 0O——M2
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-BR14)- "AlR14)-, -Ge-, -Sn-, -O-, -S-, -SO-, -802-, NR}4)-, -CO-, -P(R14)-,
or-P(O)R1%)-;

wherein: R14, R15and RI16 are identical or different and are a hydrogen
atom, a halogen atom, a C3-Cpq branched or linear alkyl group, a C31-Cpg

fluoroalkyl or silaalkyl group, a Cg-C3q aryl group, a Cg-C3q fluoroaryl group, a
C1-Cop alkoxy group, a Cp-Co alkenyl group, a C7-C4q arylalkyl group, a Cg-

~Cy4p arylalkenyl group, a C7-C4¢ alkylary! group, or R14 and R13, together with
the atoms binding them, form a cyclic ring;

or, R13 is represented by the formula:

R] 8
Rl 7 Rl 9
21
P e l R
R24 X R22

wherein: R17 to R24 are as defined for R! and R2, or two or more
adjacent radicals R17 t0 R24, including R20 and R21, together with the atoms
connecting thém form one or more rings; ’

M2 is one or more carbons, silicon, germanium or tin;
R8,R9, R10, R11 and R12 are identical or different and have the meam'ngs. stated
for R4 to R7. |
[0069] In any of the processes described above, one of the metallocene
compounds preferably includes an ethylene-bridged bis-indenyl hafnocene or an

ethylene-bridged bis-tetrahydroindenyl hafnocene.



WO 2004/037872 PCT/US2003/032194
40

[0070] In any of the processes described above, one of the metallocene -
compounds is preferably rac-1,2-ethylenebis(4,7-dimethyl-indenyl)hafnium
dichioride or rac-1 ,2-eti1y]enebis(4,7-dimethyl-indenyl)hafnium dialkyl .

[0071] In one or more specific embodiments, the polymerization medium
preferably includes 70% or more propylene monomers by volume prior to the

beginning of polymerization.

[0072) In any of the processes described above, the polymerization
medium preferably consists essentially of propylene monomers.  The
polymerization medium alternatively consists essentially of monomers and a

substantially inert solvent or diluent.

[0073] Preferably, in any of the processes described above, the branched

polypropylene is a homopolymer.

[0074] In any of the processes described above, the metallocene catalyst

compounds can be supported, or unsupported. -

[0075] In any of the processes described above, the polymerization can in
certain embo.diments be carried out partially in a first reactor and partially in a
second reactor connected in series downstream of the first reactor; one
metallocene compound being introduced to the first reactor and another

metallocene compound being introduced to the second reactor.

[0076] In one or more specific embodiments, branched -crystalline
polypropylene composition is prepared by combining a first metallocene
compound comprising an ethylene-bridged bis-indenyl hafnocene (which may be
substituted) or an ethylene-bridged bis-indenyl zirconocene (which may be
substituted) and a second metallocene compound comprising a silyl-bridged bis-
indenyl zrconocene (which may be substituted) or si.lyl-bn'dged bis-indenyl
hafnocene (which may be substituted) with a polymerization medium comprising

'30% or more propylene monomers by volume; and carrying out polymeriiation
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of the monomers at a temperature of 75°C or less for a time sufficient to form

branched crystalline polypropylene.

Specific Embodiments of Conﬂ)bsitions

[0077) A polymer composition is described herein that either comprises or
consists essentially of (i.e., excluding any blends that would include polymers
added to the branched crystalline polypropylene identified below) a branched
crystalline (isotactic or syndiotactic) polypropylene homopolymer prepared in a
polymerization process comprising: combining two or more different metallocene
catalyst compounds; said polypropylene having a unimodal molecular weight

distribution and a heat of fusion of 70 J/g or more, and preferably having a
Branching Index of 0.98 or less.

[0078] That composition may also include a branched crystalline
polypropylene with a heat of fusion of 75 J/g or more; or a heat of fusion of 80 J/g
or more; or a heat of fusion of 85 J/g or more; or a heat of fusion of 90 J/g or

more; or a heat of fusion of 95 J/g or more; or a heat of fusion of 100 J/g or more.

(0079] - The Branching Index of the branched crystalline polypropylene of
that composition may also be 0.97 or less; or 0.95 or less; or 0.93 or less; or 0.90

or less; or 0.80 or less.

[0080] In any 6f the compositions described herein, the two or more
metallocene catalyst compounds may include a first metallocene compound and a
second metallocene compound; the first metallocene compound capable of
forming vinyl, vinylene, or vinylidene terminated polypropylene macromer with a.
weight average molecular weight of less than 100,000 Daltons (i.e., if that first
metallocene is used in a polymerization reaction alone with propylene monomers
without any additional catalyst present); and the second metallocene compound
capable of forming a crystalline polypropylene with a weight average molecular
weight of 100,000 Daltons or more and more preferably 150,000 Daltons or more
(i.e., if that second metallocene is used in a polymerization reaction alone with

propylene monomers without any additional catalyst present); wherein the molar
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amount of the second metallocene compound is greater than the molar amount of

the first metallocene compound.

[0081) In ény of the compositions described herein, one of the metallocene V
compounds can includes an ethylene-bridged bis-indenyl hafnocene or an

ethylene-bridged bis-tetrahydroindenyle hafnocene.

[0082) In any of the compositions described herein, one of the metallocene
. compounds can be rac-1,2-ethylenebis(4,7-dimethyl-indenyl)hafnium dichloride’
or rac-1,2-ethylenebis(4,7-dimethyl-indenyl)hafnium dimethyl.

[0083] Also described herein is unimodal polymer composition that
includes branched crystalline polypropylene, prepared by the process that includes
combining two or more different metallocene catalyst compounds with propylene
monomers in a polymerization medium having less than 30 volume pércent
diluent; conducting polymerization of the propylene monomers in the
polymerization medium at a reaction temperature of 75°C or less; and recovering
a branched crystalline polypropylene  that has (a) from 0.0 Wt% to 2.0 wt%
ethylene; (b) a heat of fusion of 50 J/g or more; and,(c) a unimodal molecular

weight distribution. Preferably, the polypropylene has a Branching Index of 0.98
or less.

[0084] In at least one embodiment of the process used to form that
composition, the polymerization medium consists essentially of propylene
monomers. In at least one embodiment, the composition contains 0% alpha-

omega-diene derived units.

{0085] Preferably, the heat of fusion of the branched crystalline

polypropylene of that composition is 70 J/g or more; or 80 J/g or more; or 90 J/g
or more; or 100 J/g or more. '

[0086] In one or more embodiments of the composition, the Branching

Index of the branched crystalline polypropylene is 0.97 or less; or 0.95 or less; or
0.90 or less; or 0.80 or less.
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[0087] In another composition described herein, the two or more
metallocene catalyst compounds preferably include a first metallocene compound
and a second metallocene compound, wherein the first metallocene compound is
capable of forming a vinyl, vinylidene or vinylene terminated polypropylene
macromer with a weight average molecular weight of less than 100,000 Daltons;
and the second metallocene compound is capable of forming a crystalline
polypropylene with a weight average molecular weight of 100,000 Daltons or
. more, and more preferably 150,000 Daltons or more; wherein the molar amount of
the second metallocene compound Vis greater than the molar amount of the first

metallocene compound (the capability of each metallocene measured by separate
polymerizations).

[0088] In that composition, one of the metallocene compounds preferably

includes an ethyleng-bridged bis-indenyl hafnocene or an ethylene-bridged bis-
tetrahydroindenyle hafnocene.

[0089] Also, one of the metallocene compounds can be rac-1,2-
ethylenebis(4,7-dimethyl-indenyl)hafnium dichloride or rac-1,2-ethylenebis(4,7-
dimethyl-indenyl)hafnium dialkyl.

[0090] Additionally, a polymer composition is described that includes
branched crystalline polypropylene that is prepared by the process including:
conducting polymerization of propylene ‘monomers in the presence of a first
metallocene catalyst compound and a second metallocene catalyst compound at a
temperature of 75°C or less to provide a composition that comprises branched A
crystalline polypropylene containing from 0.0 wt% to 2.0 wt% efhylene, wherein:
(a) the first metallocene catalyst compound is capable of producing viny1>
terminated polypropylene macrbmers; and (b) the second metallocene catalyst
compound is capable of producing crystalline polypropylene having a weight

average molecular weight of 100,000 Daltons or more.

[0091] In that composition, the polymerization medium used in the

process may, in certain embodiments, consist essentially of propylene monomers.
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[0092] In that composition, the heat of fusion of the branched crystalline
polypropylene may in certain embodiments be 70 J/g or more; or 80 J/g or more;

or 90 J/g or more; or 100 J/g or more.

[0093] In at least certain embbdiments of that composition, the Branching -

Index of the branched crystalline polypropylene is 0.98 or less; or.0.95 or less; or
0.90 or less; or 0.80 or les_s. '

[0094] Preferably, that composition is made using a process described
herein wherein the metallocene compound includes an ethylene-bridged bis-

indenyl hafnocene or an ethylene-bridged bis-tetrahydroindenyle hafnocene.

[0095) Alternatively, or in addition, one of the metallocene compounds
can be rac-1,2-ethylenebis(4,7-dimethyl-indenyl)hafnium dichloride or rac-1,2-
ethylenebis(4,7-dimethyl-indenyl)hafnium dialkyl.

[0096] In at least one embodiment, the branched crystallihe polj'propylene
composition is prepared by a process that includes: contacting a polymerization
mixture that includes propylene monomers with-a first metallocene catalyst
compound and a second metallocene catalyst compound; and conducting
polymerization of the propylene monomers for a time sufficient to form a
branched crystalline polypropylene composition having a heat of fusion of 50 J/g
or more; or 60 J/g or more; or 70-J/g or more; and preferably having a Branching
Index of 0.98 or less, wherein: the ﬁrst metallocene compbund is an alkyl bridged
metallocene compound that has at least two indenyl rings or derivatives of indenyl
rings, each ring being substituted at the 4 and 7 positions; the second metallocene
compound is a bridged metallocene compound that has at least two indenyl rings

or derivatives of indeny! rings, each ring being substituted at both or either of the

2 and 4 positions.

[0097) In at least certain embodiments, the polymerization medium

consists essentially of propylene monomers.
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[0098] In at least some of those compositions described above, the heat of
fusion of the branched crystalline polypropylene is 70 J/g or more; or 80 J/g or

more; or 90 J/g or more.

[0099]- In at least some of the compositions described above, the
Branching Index of the branched crystalline polypropylene is 0.98 or less; or 0.95

or less; or 0.90 or less; or 0.80 or less.

[00100] . In at least certain compositions, one of the metallocene ‘compounds
includes an ethylene-bridged bis-indenyl héfnocene or an ethylene-bridged bis-
tetrahydroindenyle hafnocene. In others, one of the metallocene compounds is
rac-1,2-ethylenebis(4,7-dimethyl-indenyl)hafnium  dichloride ~or  rac-1,2-
ethylenebis(4,7-dimethyl-indenyl)hafnium dialkyl.

[00101] Described herein is a polymer composition that includes branched
crystalline polypropylene having a heat of fusion of 50 J/g or more; a Branching
Index of 0.98 or less; a unimodal molecular weight distribution; and from 0.0 wt%
to 2.0 wt% ethylene.

[00102) . Also, polymer composition is described herein that includes
branched crystalline polypropylene having a heat of fusion of 70 J/g or more; a
Branching Index of 0.95 or less; a unimodal molecular weight distribution; and
from 0.0 wt% to 2.0 wt% ethylene. '

" [00103) Furthermore, a polymer composition is described herein that
includes branched crystalline polypropylene having a heat of fusion of 80 J/g or
more; a Branching Index of 0.95 or less wherein said branching is derived solely

from polypropylene macromers; and a unimodal molecular weight distribution.

[00104] Also described is a polymer compdsition that includes branched -
crystalline polypropylene homopolymer having a hat of fusion of 80 J/g or more;
a Branching Index of 0.95 or less wherein said branching is derived solely from

polypropylene macromers; and a unimodal molecular weight distribution.
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[00105] Also disclosed is a composition that inclu\des the combination of
any of the polymer compositions described above together with one or more olefin
polymers selected from the group consisting of ethylene propylene rubber, .
ethylene propylene diene monomer rubber, neoprene rubber, styrenic bl_oék
copolymer rubbers (including SI, SIS, SB, SBS, SIBS rubbers), butyl rubber,
halobutyl rubber, star branched butyl rubber, copolymers of isobutylene and para-
alkylstyrene, halogenated copolymers of isobutylene and para-alkylstyren,
homopolypropylene, propylene copolymerized with up to 50 weight % of ethylene
or a C4 to C20 alpha.-olefin, isotactic polypropylene, highly isotactic
polypropylene, syndiotactic polypropylene, random copolymer of propylene and
ethylene and/or butene and/or hexene, polybutene, ethylene vinyl acetate, low
density polyethylene (density 0.915 to less than 0.935 g/cm’) linear low densify
polyethylene, ultra low density polyethylene {(density 0.86 to less than 0.90
g/em®), very low density polyethylene (density 0.90 to less than 0.915 g/em?),
medium- density polyethylene (density 0.935 to less than 0.945 g/em®), high
density polyethylene (density 0.945 to 0.98 g/cm3), ethylene vinyl acetate,
ethylene methyl acrylate, copolymers of acrylic acid, polymethylmethacrylate or
any other polymers polymerizable by a high-pressure free radical process,
polyvinylchloride, polybutene-1, isotactic polybutene, ABS resins, nyloné
(polyamides), polycarbonates, PET resins, crosslinked polyethylene, copolymers
of ethylene and vinyl alcohol (EVOH), polyrhers of aromatic monomers such as
polystyrene, poly-1 esters, high mblecular weight polyethylene having a density of
0.94 to 0.98 g/cm’ low molecular weight polyethylene having a density of 0.94 to
0.98 g/cm®, graft copolymers generally, polyacrylonitrile homopolymef or
copolymers, thermoplastic polyamides, polyacetal, polyvinylidine fluoride and

other fluorinated elastomers, polyethylene glycols and polyisobutylene.

[00106] - In certain embodiments of the aforementioned blend composition,
the polymer composition can be present in the blend at from 10 to 99 weight %, .
based upon the weight of the polymers in the blend. Alternatively, the polymer
composition can be present in the blend at from 30 to 90 weight %, based upon

the weight of the polymers in the blend. Also, the polymer composition can be
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preseﬁt in the blend at from 20 to 95 weight % based upon the weight of the
polymers in the blend.

[00107] In one or more of those compositions, the polymer composition is |
present in the blend at from 40 to 90 weight % based upon the weight of the |
polymers in the blend; or from 50 to 90 weight % based upon the weight of the
polymers in the blend; or from 60 to 90 weight % based upon the weight of the
polymers in the blend; or from 70 to 90 weight % based upon the weight of the .
polymers in the blend. '

[00108] Furthermore, described herein is a foam that includes any of the
compositions described above; or a blow molded article that that includes any of
the compositions described above; or a thermoformed article that includes any of
the compositions described above; or a film that includes any of the compositions
described above; or a fiber that includes any of the compositions described above;
or a sheet that includes any of the compositions described above; or a plaque that
includes any of the compositions described above; or a hose that includes any of
the compositions described above; or a belt that includes any of the compdsitions.
.described above; or a tire that includes any of the compositions described above;
or a tape that includes any of the compositions described above; or a fabric that
includes any of the compositions described above; or nonwoven that includes any
of the compositions described above; or a medical garment that includes any of
the compositions described above; or a wak crystal modifier that includes any of

the compositions described above.

[00109] " Also described herein is a dynamically vulcanized alloy (DVA)
that includes an elastomer and any of the polymer compositions described above.
In this respect, DVA's and processes to make DVA's are described in US Patent
No. 6,013,727, particularly column 11, line 64 to column 12, line 43, which is

hereby incorporated by reference.

[00110) In that dynamically vulcanized alloy, the elastomer can include, for

example, one or more of ethylene propylene rubber, ethylene propylene diene
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monomer rubber, neoprene rubber, styrenic block copolymer rubbers (including
SI, SIS, SB, SBS, SIBS rubbers), butyl rubber, halobutyl rubber, star branched
butyl rubber, copolymers of isobutylene and para-alkylstyrene, halogenated
copolymers of isobutylene and para-alkylstyrene, brominated copolymers of

isobutylene and para-methylstyrene, polyisobutylene, natural rubber, and nitrile
rubber.

[00111] That DVA may include an engineering resin selected from the
group consisting of polyamides, polyesters, polycarbonates, polysulfones,
polyacetals, polylactones, acrylonitrile-butadiene-styrene resins, polyphenylene
oxide, polyphenylene sulfide, styrene-acrylonitrile resins, styrenemaleic

anhydride, polyimides, aromatic polyketones, and mixtures thereof

[00112] Also described herein is an adhesive that includes any of the
polymer compositions described above together with a tackifier selected from the
group consisting of aliphatic hydrocarbon resins, aromatic modified aliphatic
hydrocarbon resins, hydrogenated  polycyclopentadiene resins,
polycyclopentadiene resins, gum rosins, gum rosin esters, wood rosins, wood
rosin esters, tall oil rosins, tall oil rosin esters; polyterpenes, aromatic modified
polyterpenes, terpene  phenolics, aromatic = modified  hydrogenated
polycyclopentadiene resins, hydrogenated aliphatic resin, hydrogenated aliphatic

aromatic resins, hydrogenated terpenes and modified terpenes, and hydrogenated

TOSin esters.

[00113] The tackifiers that may be blended with the polymers described
above are those typically used in the art. Examples include, but are not limited to,
aliphatic hydrocarbon resins, aromatic modified aliphatic hydrocarbon resins,
hydrogenated polycyclopentadiene resins, polycyclopentadiene resins, gum rosins,
gum rosin esters, wood rosins, wood rosin esters, tall oil rosins, tall oil rosin
esters, polyterpenes, aromatic modified polyterpenes, terpene phenolics, aromatic
modified hydrogenated polycyclopentadiene resins, hydrogenated aliphatic resin,
hydrogenated aliphatic aromatic resins, hydroéenated terpenes and modified

terpenes, and hydrogenated rosin esters. In some embodiments the tackifier is
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hydrogenated. In other embodiments the tackifier is nbn-polar. (Non-polar
meaning that the tackifier is sﬁbstantially free of monomers having polar groups.
Preferably the polar groups are not present, however if they are preferably they are .
not present at more that 5 wéight %, preferably not more that 2 weight %, even
more preferably no more than 0.5 weight %.) In some embodimehts the tackifier -
has a softening point (Ring and Ball, as measured by ASTM E-28) of 80 °C to 150
°C, preferably 100 °C to 130 °C.

© [00114] The tackifier, if present, is typically present at about 1 weight % to
about 80 weight %, based upon the weight of the blend, more preferably 2 weight
% to 40 weight %, éven more preferably 3 weight % to 30 weight %. ‘

[00115] Preferred hydrocarbon resins for use as 'tackiﬁers or modifiers
include (1) Resins such as C5/C6 terpene resins, styrene terpenes; alpha-methyl
styrene terpene resins, C9 terpene resins, aromatic modified C5/C6, aromatic
modified cyclic resins, aromatic modified dicyclopentadiene based resins or
mixtures thereof.  Additional preferred resins include those described in WO
91/07472, US 5,571,867, US 5,171,793 and US 4,078,132. Typically these resins.
are obtained from the cationic polymerization of compositions containing one or
more of ﬁe following monomers: C5 diolefins (such as 1-3 pentadiene, isoprene,
etc); C5 olefins (such as 2- methylbutenes, cyclopentene, etc.); C6 olefins (such as
hexene), C9 vinylaromatics (such as styrene, alpha methyl styrene, vinyltoluene,
indene, methyl indene, etc); cyc-lics (such as - dicyclopentadiene,
methyldicyclopentadiene, etc.); and or terpenes (such as limonene, carene, etc);
and (2) Resins obtained by the thermal polymerization of dicycldpentadiene,
and/or the thermal polymerization of dimers or oligomers of cyclopentadiene and
[or rhethy]cyclopentadiene, optionally with vinylaromatics (such as styrene, alpha-

methy! styrene, vinyl toluene, indene, methyl indene).

[00116] The resins obtained after polymerization and separation of - -
unreacted materials, can be hydrogenated if desired. Examples of preferred resins
include those described in US 4,078,132; WO 91/07472; US 4,994,516; EP 0 046
344 A; EP 0 082 726 A; and US 5,171,793.
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Additional Specific Embodiments.

[00117] Certain examples and embodiments of the processes set forth in the
claims include utilizing a2 mixed metallocene catalyst system to produce branched
polypropylene, which is preferably crystalline. Preferably, branching is generated
or formed during the polymerization reaction. Furthermore, a branched
polypropylene having desired properties is preferably formed during
polymerization. Thus, no post-polymerization treatment is required (e.g. no
crosslinking is required to form branching). Also, no substantial amounfs of
hydrogen need be-added. Preferably, the BCPP formed by the mixed metallocene
catalyst system has a unimodal molecular weight distribution. In this respect,
such embodiments of the invention can be distinguished from processes that férm
polymef compositions having bimodal or multimodal molecular weight
distributions, found, for example, in certain types of polymer blends or polymers
formed by other mixed catalyst processes. Although thé use of hydrogen in any of
the processes described herein is not necessary for branch formation, small
amounts (e.g., up to 100 ppm, or 200 ppm',. or from 100-200 ppm) may be
included to control molecular weight, as desired. " Also, traditional post-reactor

molecular weight reducing processes may be used.

[00118] At least certain embodiments include a process of preparing a
branched polypropylene composition 'ut.ilizing a mii;ed metallocene catalyst
system, which includés combining a first metallocene compound with a
polymerization medium (that includes monomers) in a reactor system to form
polypropylene macromers that include propylene monomer units, wherein at least
10%, preferably 30%, of the polypropylene macromers have vinyl chain ends; and
combining a second metallocene compound with the polymerization medium in
the reactor system to form branched polypropylene polymers that include
propylene monomer units of the polypropylene macromers. Preferably, the
formed branched polypropylene polymers also include other monomer units, e.g.,

propylene units that are not part of the polypropylene macromers. Of course, as
discussed below, the first and second metallocene compounds can be supported or

unsupported, and can be introduced separately, e.g., in a single reactor or even in
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two in-series reactors; or the two different metallocene compounds can be

introduced simultaneously, e.g., being resident on a single catalyst support in
desired ratios.

[00119] Other embodiments include a process of preparing a branched
polypropylene composition from propylene monomers and two different
metallocene compounds. That process includes contacting a first portion of the
propylene monomers with a first metallocene compound for a time sufficient to

* form macromers having units derived from at least some of the first portion of
.propylene monomers, at least 30% of the thus formed macromers having vinyl |
chain ends (although preferably at least 50% and more preferably at least 70% of
those macromers have vinyl chain ends); contacting (either later in the procesler'
at the same time) the macromers and a second portion of propylene monoﬁers
with a second metallocene compound for a time sufficient to reduce the number of
vinyl chain ends in the macromers having units derived from the first portion of
propylene monomers; and forming a branched polypropylene polymer having a
main chain that includes units derived from the second portion of propylene
monomers and branches formed from the macromers having units derived from
the first portion of propylene monomers. The aforementioned process has a
number of advantages, in at least certain émbodiments, including but not limited
to the flexibility of using a single supply of supported catalyst particles that each
include the two desired types of metallocene compounds in the desired
proportions (e.g., ratio of 25:75); the ability to easily contro} the desired degree of
branching in the polypropylene product, e.g., by the composition of the catalyst
system itself; the ability to easily obtain product uniformity by minimizing the
number of ingredients; and the ability to obtain a polypropylene composition
having a unimodal molecular weight distribution with high yield and desirable
properties, particularly high melt strength.

[00120]) In one or more embodiments of the process described herein, the
resulting BCPP not only has a desired amount of branching, but also has high melt
strength. The BCPP preferably has a melt flow rate (MFR) within a particular

range. That range may have a lower limit of 0.1 dg/min, 0.5 dg/min, or 1.0
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dg/min; and the range may have an upper limit of 500 dg/min, 400 dg/min, 300
dg/min, 200 dg/min, 100 dg/min, 50 dg/min, or 35 dg/min, with the melt flow rate
ranging from any lower limit to any upper limit, depending on which claimed
invention is being referenced.  Moreover, the BCPP preferably has a
polydispersity within a particular range. That range may have a lower limit of 1.5
or 2.0, for example; and the range may have an upper limit of 15, 10, 8, 7, or 4
with the polydispersity ranging from any lower limit to any upper limit, depending
on which claimed invention is being referenced. In preferred processes, a
polymerization medium is heated ina reactor sysfem for a time sufficient to
produce BCPP in. the presence of two or more’ different metallocene catalysts.v
Examples of preferred metallocene catalysts are described below. It has been
discovered, surprisingly, that a process in which propylene monomers are
contacted with the mixed metallocene catalyst systems described herein duﬁng
polymerization provides a polypropylene with branching and better properties
than does a different process, €.g., a process in which propylene monomers are
'contécted with a single typé of metallocene catalyst. Moreover, it has been
discovered that the particular type of metallocene catalyst utilized for each of the
first metallocene component and the second metallocene plays an irhportant role,

and leads to unexpectedly superior properties not achievable using certain other
metallocenes.

[00121] ' In a preferred embodiment, polymerization of propylene monomers
to form branched polypropylene occurs in a slurry polymerization process, which
can also be a bulk process, e.g. no solvent present. The polymerization medium
may include monomers, preferably only propylene monomers, but optionally also
other monomers. However, diene monomers, such as alpha-omega dienes, should
not be included. Also, while the polymerization medium prior to polymerization

- preferably contains only propylene, an inert solvent (including diluents) may -
optionally be present, in addition to various additives not directly involved in
polymerization, such as scanvengers. The inert solvent may be a hydrocarbon
solvent, such as hexane, propane, isobutane, cycloalkane, or aromatic. The

polymerization medium preferably includes 30% or more propylene monomers by
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volume, more preferably 70% or more propylene monomers by volume, and even
more preferably 95% or more propylene monomers by volume. Most preferably,
the polymerization medium consists entirely or at least essentially of propylene
monomers. Preferably, the polymerization medium includes 70% or less inert
solvent by volume, more preferably 30% or less inert solvent by volume, and even
more preferably 5% or less inert solvent by volume. Most preferably, the
4polymerization medium does not contain a signiﬁcant amount of inert solvent, or

does not contain any inert solvent.

[00122] In at least one preferred embodiment, the only monomer subjected
to polymerization, i.e., being part of the polymerization medium; is propylené.
That is, no comonomer, e.g., diene or ethylene or other comonomers, are inc]uded.
Also, in that embodiment, the polymerization medium is preferably contacted with
a mixed supported catalyst system (including activators, scavengers, and other
compounds that assist in the catalysis), but the polymerization medium preferably
does not contact any inert solvent (including any diluent). Thus, neither the
propylene monomers nor the resulting macromers nor the final BCPP product
should be dissolved or suspended in liquid other than the monomers .of some
'product of polymerization. It is contemplated that such a process is of tremendous
usefulness in large scale operations since fewer potential processing problems are
likely to develop, e.g., problems relating to the addition of other materials that in

the past have been used to provide crosslinking.

[00123] As used herein, the term “consisting essentially of’ permits a
process or composition in which minor amounts of inert or substantially non-
reactive materials may be added, e.g., 10 % by volume or less, or more preferably
5% or less or even 2% or less by volume. Thus, with the preferred process, at the
beginning of polymerization, the polymerization medium should include at least

about 80% by volume propylene, preferably 90% or more or more preferably 95%
or more propylene. '

[00124] The polymerizations discussed herein may be conducted in various

ways, including batch, semi-batch, or continuous mode, preferably in a continuous
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mode. Polymerization may be carried out in a single reactor or in multiple
reactors. If multiple reactors are used, the reactors may be operated in series
and/or in parallel, preferably in series. Not wishing to be bound by theory, it'is
believed that macromers are fonﬁed due to the first metallocene compound and
that these macromers are incorporated into a polypropylene main chain that is
formed due to polymerization by the second metallocene compound thus resulting

in BCPP polypropylene formed in situ.

[00125] One illustrative non-limiting example of the polymerization
conditions includes utilizing a reactor temperature of 100°C or less, preferably-
75°C or less, at a pressure from 200 kPa to ]5,000kPa, preferably from 600kPa to
4,000kPa. In at least one embodiment, over 2,000 grams of BCPP polypropyléne
is formed per gram of supported mixed metallocene catalyst system. In another

embodiment, 6,000 grams of BCPP polypropylene is formed per gram of

unsupported mixed metallocene catalyst system.

[00126] In a preferred émbodiment, the branched (BCPP) polypropylene is
made of at least 50% propylene units, and more preferably the -BCPP
polypropylene is either a homopolymer, consisting of only propylene units, or a
polymer cdnsisting essentially of propylene units, i.e., a polypropylene having
trace or minor amounts of comonomer, including alpha-omega dienes and one or

more a-olefins, such as ethylene or C4-Cyg a-olefins, cyclics, or aromatics.

[00127) Embodiments of the BCPP polypropylene produced have a
Branching Index of less than 1.0, preferably less than 0.98 or 0.95, more
preferably less than 0.90, and even more preferably less than 0.80. Since the
process disclosed herein does not require the addition of diene monomers or the
use of post-polymerization steps (e.g., cross-linking agents or radiation
treatments) to produce branched polypropylene, the process is advantageously less -
complicated than other processes. Nevertheless, the process may further include

the addition of diene or the use of post-polymerization steps if increased, or

different, branching is desired.
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[00128] Embodiments of the BCPP polypropylene also have improved
extensional viscosity, and improved shear thinning behavior in comparison to
linear polypropylene. The BCPP polypropylene preferably has a ratio of .
extensional viscosity at break fo linear viscosity of at least 2.5, more preferably at
least 3.0, and most preferably at least 3.5 at strain rates from 0.1 second™ to 1.0

second”. Thus, the BCPP polypropylene has improved processability in

comparison to linear polypropylene.

[00129] Embodiments of the BCPP polypropylene have inc‘reased meltA
strength in comparison to linear polypropylene. Thus, the BCPP p.olypropylene is
well suited for thermoforming, foaming, blow molding, and other applicationé
which require a melt strength higher than that of linear polypropylene. However,
the BCPP polypropylene can be used in various applications, such as
thermoforming, foaming, blow molding, extrusion coating, melt biowing,ﬁber
spinning, viscosity modifiers for lube oils, wax crystal modifiers for hydrécl:arbonv
fuels, plasticizers, functionalization of polypropylenes, proceséing aids,
thermoplastic elastomers, impact modifiers, compatibilizers, surface modifiers,
wettable polypropylenes, high density polypropylenes, elastic polypropylenes. -
The BCPP polypropylene compositions and their blends with other polymers
and/or materials may be used in any fabricated article, such as films, fibers,
sheets, plaques, hoes, belts, tires, tapes, wovens, and other dimensional objects.
The BCPP polypropylene compositions and their blends with other polymers
and/or materials may also be used in radiation resistance articles, for example

medical gowns and other medical garments and applications.

Mixed Catalyét Systems

[00130] Embodiments of the mixed metallocene catalyst system include
two or more different metallocenes. The general definition of “metallocene” is
found above. However, in preferred embodiments of the present invention, a’
process is provided that 1-1tilizes certain specific types of metallocenes that are
combined in particular proportions; thus, every metallocene is not necessarily

appropriate for use in this invention.



. WO 2004/037872 _ . __ .. PCT/US2003/032194
56

[00131) For ease of reference, two different metallocenes will be referred to
as "first” and "second" metallocenes but this does not imply any order of addition,

use or any other Pprocess parameter,

[00132] In one or more specific embodiments, wherein a first metallocene
compound and a second metallocene compound are used, the first metallocene
compound is preferably an alkyl bridged metallocene compound that has ai least
two indenyl rings or derivatives of indenyl rings, each preferably being substituted
at the 4 and/or 7 positions. The second metallocene compound is preferably a
silyl bridged metallocene compound. Also, the second metallocene is preferably
capable of producing high molecular weight, high tacticity polypropylene
polymers (when used alone, i.e., without any other catalyst). Preferred second
metallocenes have at least two indenyl rings or substituted indenyl rings, each
ring preferably being substituted at the 2 and 4 positions. The 4 position
substitution is preférably an aryl substituent that is yet further substituted as
described below. Depending‘on the activity of each metallocene selected, the
molar amount of the second metallocene compound contacting the polymerization
mixture may be greater than the molar amount of the first metallocene corhpound

contacting the polymerization mixture.

[00133] The chiral metallocenes may be used as a racemate for the
preparation of highly isotactic po]ypropjlene polymers and copolymers. It is also
possible to use the pure R or S form. An optically active polymer can be prepared
with these pure stereoisomeric forms. Preferably the meso form of the
metallocene is removed to ensure the center (i.e., the metal atom) provides
stereoregular polymerization. Separation of the stereoisomers can be
accomplished by known literature techniques. For special products it is also

possible to use rac/meso mixtures.

[00134] The mixed metallocene catalyst system preferably includes the first
metallocene compound and the second metallocene compound in a molar ratio of
from 50:50 to 100:1, preferably in a ratio of from 50:50 to 5:95, more preferably

in a ratio of from 50:50 to 25:75. That is, more of the second metallocene
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compound is used relative to the first metallocene compound. The molar ratio is
determined on the basis on the amount of the first metallocene compound and the
amount of the a second metallocene compound combined with the polymerization .
mixture, e.g., added to the reactor system (if added simultaneously). Not wishing
to be bound by theory, it is contemplated that the first metallocene compound -
promoteé production of a certain amount of Jow molecular weight macromers. In
at least one feature of certain embodiments, at least some of the macromers having
vinyl chain ends. Preferably, the first metallocene compound results in formation
of polypropylene macromers in which 30% or more of the macromers have a
vinyl chain end. In another embodiment, the first metallocene compound
produces low molecular weight polypropylene macromers having a weight
average molecular weight (Mw) below 150,000 Daltons, and preferably beloW' |
100,000 Daltons, or even be]ow 75,000 Daltons, e.g., from 10 Daltons to 50,000
Daltons. It is contemplated that the second metallocene compound incorpbrates
the low molecular weight macromers produced by the first metallocene compound
into the main chain of a polypropylene to form branched polypropylene. The
branched polypropylene polymer préferably has a weight average molecular
‘weight (Mw) within a particular ranée. That range may have a lower limit of
30,000 Daltons, 50,000 Daltons, 70,000 Daltons, or 100,000 Daltons; and the
range may have an upper limit of 2,000,000 Daltons, 1,000,000 Daltons, 750,000
Daltons, 500,000 Daltons, or 300,000 Daltons; with the weight average molecular
weight ranging from any lower limit to any upper limit, depending on which

claimed invention is being referenced.

[00135] It is contemplated that the first metallocene compound polymerizes
monomers in a primarily beta—methyl elimination mechanism to form
polypropylene macromers with a high amount of vinyl chain ends. As a
consequence, polymerization of monomers by the first metallocene compound is ‘
believed to produce propylene macromers. In contrast, it is contemplated that the
second metallocene compound polymerizes monomers in a primarily beta-hydride
elimination mechanism to form the branched crystalline polypropylene polymer

with a low amount of viny} chain ends.
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First Metallocene Compound.

[00136] One or more embodiments of the first metallocene compound
includes an ethylene-bridged bis-cyclopentadienyl metallocene, more preferably
an ethylene-ﬁﬁdged bis-indenyl metallocene. Particularly preferred ethylene-

bridged bis-indenyl metallocenes are compounds of the general structure (B):

®):

wherein: M is a metal of Group 4, 5, or 6 of the Periodic Table, for
example titanium, zirconium, hafnium, vanadium, niobium, tantalum, chromium,
molybdenum and tungsten, preferably, zirconium, hafnium and titanium, most

preferably zirconium and hafnium;



WO 2004/037872 PCT/US2003/032194

59

R! and R2 are identical or different, and are one of a hydrogen atom, a C1-
C1 atkyl group, a C}-Cjq alkoxy group, a Cg-C1 aryl group, a Cg-C ¢ aryloxy
group, a Cp-Cjq alkenyl group, a C7-Cy4 arylalkyl group, a C7-C4q alkylaryl”
group, a Cg-Cqq arylalkenyl group, or a halogen atorﬁ, or a conjugated diene
which is optionally substituted with one or more hydrocarbyl, tri(hydrocarbyl)si]yl
groups or hydrocarbyl, triOlydrocarbyl)si]ylhydrocarbyl groups, said diene having
up to 30 atoms not counting hydrogen;

R® and R* are defined the same as are R and R%;

RS and RS are identical or different, and are one of a hydrogen atom, a
halogen atom, a C{-C1¢ alkyl group, which may be halogenated, a Cg-C1 aryl
group, which may be halogenated, a C»-C1¢ alkenyl group, a C7-C49 arylalkyi ’
group, a C7-C4 alkylaryl grouﬁ, a Cg-C4 arylalkenyl group, a -NR215, -SR15, .
OR!5, -08iR315 or -PR515 radical, wherein: R15 is one of a halogen atom, a C1-
C10 alkyl group, or a Cg-Cq¢ aryl group; |

R7 s -
R14 R4 RM R14
!\AZ , |Mz M2 2 (CRp16)—- »
,L15 ;L15' ' ,L15 - 1';15
R14 R14 B R14
o) !\AZ o , lc , | o) le
IL15 ;L15 | L15

B(R!4)- "AlR14)., -Ge-, -Sn-, -O-, -S-, -80-, -807-, -N(R14)-, -CO-, -PR14).,
~or-PO)R1%)-;
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wherein: R14, R15and R16 are identical or different and are a hydrogen
atom, a halogen atom, a C1-Cpq branched or linear alkyl group, a C1-Cp
fluoroalkyl or silaalkyl group, a Cg-C30 aryl group, a Cg-C3 fluoroaryl group, a
C1-Cyg alkoxy group, a Cy-Cy alkenyl group, a C7-C4 arylalkyl group, a Cg-
C4 arylalkenyl group, a C7-C4 alkylaryl group, or R14 and R15, together with
the atoms binding them, form a cyclic ring;

M2 is carbon, silicon, germanium or tin;

R8 and RO are R8 and RY, are identica_l or different, and have the ﬁleanings
stated for R and R6; |

R10, R11 R12 and R13 are identical or different and have the meanings

stated for RS and R6; where_in at least one of R13 aﬁd R10 are identical or
different, and are one of a hydrogen atom, a halogen atom, a C1-C1g alkyl group,

which may be halogenated, a Cg-C0 aryl group, which may be halogenated, a
C>-Cio .alkenyl group, a C7-C4q arylalkyl group, a C7-C4q alkylaryl group, a
Cg-C4q arylalkenyl group, a -NRp15, -SRi5, -OR15, -0SiR315 or -PRy1S
radical, wherein: Rl.5 is-one of a halogen atom,‘a CI;CIO alkyl grdup, or a Cg-
C1 aryl group;

m and n are identical or different and are zero, 1 or 2, m plus n is

zero, 1 or 2, and

[00137] Ilustrative but non-limiting examples of some ethylene-bridged
bis-indenyl metallocenes include:

1 ,2-Ethahdiylbis(2-methy]-4,6-diisopr0pyl- 1-indenyl)ZrCly;
1,2-Ethandiylbis(2-methyl-4,5-benzo-1-indenyl)ZrCly;
1,2-Ethandiylbis(2,4,7-trimethyl-1-indenyl)ZrCly;
1,2-Ethandiylbis(2-methyl-1-indenyl)ZrCly;
rac-1,2-ethylenebis(4,7-dimethyl-tetrahydroindenyl) JHfCly;
rac-1,2-ethylenebis(4,7-dimethyl-indenyl) JHfCl,;
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1 ,2-Ethandiy]bis(2-methy1-4,6-diis'0pr0pyl;l -indenyl)HfCly; |

1 ,2-Ethandiylbis(2-methyl-4,5-Benzo-l-indenyl)HfClz;
1,2-Ethandiylbis(2,4,7-trimethyl-1-indeny])HfCl;;

1,2-Ethandiylbis(2-methyl-1 -iﬁdenyl)ZrClz; and the like, including alkyl

dichloride species. _
[00138] Preferred ethylene-bridged bis-indenyl metallocenes and ethylene-
bridged bis-tetrahydroindenyl fnetallocenes include rac-1,2-ethylenebis(4,7-
dimethyl-tetrahydroindenyl)Jhafnium dichloride and rac~1,2-eth)-(lenebis'(4,7-4
dimethyl-indeny!)]bafnium dichloride.

[00139] In at least one embodiment, the transition metal of the first
metallocene compound is preferably hafnium. It is believed that polypropylene
formed using hafnium metallocenes (hafnocenes) have increased amount of viﬁyl

chain ends in comparison to polypropylene formed using metallocenes compﬁsiﬁg

other transition metals.

Second Metallocene Compound.

[00140] The second metallocene compound preferably includes a silyl-
bridged bis-cyclopentadieny] metallocene, more preferably a silyl-bridged bis-
indeny! metallocene, which may be subsiituted. Preferred embodiments of the
second metallocene compounds are described in grea;ter detail below.
Alternatively, it is contemplated that the second metallocene may be one that,
when used alone, i.e., without any other catalyst. conipoimd, is capable of
producing syndiotactic, rather than isotactic polypropylene. - Thus, in
 embodiments of the process using such metallocene compounds, it is
contemplated that macromers produced by a first metallocene c-ompound are
incorporated into a syndiotactically arranged backbone by the second metallocene.
Syndiotactic producing metallocenes are very well known in the art. For example,
U.S. Patent Nos. 6,184,326 and 4,892,851 describe sﬁch metallocenes in detail,‘
along with methods for making them, and each such description is fully

incorporated herein by reference. Common syndio-specific metallocenes are
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generally a combination of cyclopentadienyl and fluorenyl ligands, which may be
substituted.

[00141] Particularly preferred bis-indenyl metallocenes are compounds of

the general formula:

10
(R™),
R3
R RS R
RR—
10

wherein: M is a métal of Group 4, 5, or 6 of the Periodic Table preferably,

zirconium, hafnium and titanium, most preferably zirconium;

R! and R2 are identical or differént, preferably identica], and are one of a
hydrogen atom, a C1-Cq alkyl group, preferably a C1-C3 alkyl group, a C1-C1g
alkoxy group, preferably a C1-C3 alkoxy group, a Cg-Cy aryl group, preferably
a Cg-Cg aryl group, a Cg-C1 ¢ aryloxy group, preferably a Cg-Cg aryloxy group, a
C2-Cyq alkenyl group, preferably a C2-C4 alkenyl group, a C7-Cyq arylalkyl -
group, preferably a C7-Cy arylalkyl group, a C7-C4 alkylaryl group, preferably
a C7-Cq12 alkylaryl group, a Cg-Cy4q arylalkenyl group, preferably a Cg-C1p
arylalkeny! group, or a halogen atom, preférably chlorine; or a conjugated diene
which is optionally substituted with one or more hydrocarbyl, tri(hydrocarbyl)silyl

groups or hydrocarbyl, trithydrocarbyl)silylhydrocarbyl groups, said diene having
up to 30 atoms not counting hydrogen;
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RS and RO are identical or different, preferably identical, are one of a
hydrogen atom, a halogen atom, preferably a fluorine, chlorine or bromine atom, a
-C1-Cyo alkyl group, preferably a C1-C4 alkyl group, which may be halogenated,
a Cg-C1 aryl group, which may be halogenated, preferably a Cg-Cg aryl group, a
Cy-Cyq alkenyl group, preferably a Cy-Cq4 alkenyl group, a C7-C4¢ arylalkyl
group, preferably a C7-Cjq arylalkyl group, a C7-C40 aikylaryl group, prefeiably
a C7-Cyp alkylaryl group, a Cg-C4p arylalkenyl group, preferably a Cg-C12 |
arylalkenyl group, a -NR15, -SR15, -OR13, -OSiR313 or PR,15 radical,
wherein: R15 is one of a halogen .atom, preferably a chlorine atom,.a C1-C10

alkyl group, preferably a C1-C3 alkyl group, or a Cg-C10 aryl group, preferably a

Cg-Cg aryl group;
R7is
RrR14 R14 R14 R14
|MZ . lM2 lM2 . — M2 — (CRp16)—
;L1 5 |L1 5 L1 5 |L1 5
RrR14 - R14 R14
o) !\n2 o) : L ; 0 ‘MZ

R15 ;L15 .L15
B®R!4)--AIR14)-, -Ge-, -Sn-, -O-, -S-, -S0-, -502-, NR14)-, -CO-, PR14)-, |
or -PO)RI4)-;

wherein: R14, R15and R16 are identical or different and are a hydrogen
atom, a halogen atom, a Cj-Cpq branched or linear alkyl group, a C1-C20
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fluoroalkyl or silaalkyl group, a Cg-C3() aryl group, a Cg-C3 fluoroaryl group, a
C1-Cyq alkoxy group, a C3-Cpq alkenyl group, a C7-C4 arylalkyl group, a Cg-
C4 arylalkenyl group, a C7-C4¢ alkylaryl group, or R14 and R15, together with
the atoms binding them, form a cyclic ring;

preferably, R14, R15and R16 are identical and are a hydrogen atdm, a
halogen atom, a C1-C4 alkyl group, a CF3 group, a Cg-Cg aryl group, a Cg-C1
fluoroaryl group, more preferably a pentafluorophenyl group, a C;-C4 alkoxy
group, in particular a methoxy groﬁp, a Cy-Cy4 alkehyl group, a C7-Cjg arylalkyl
group, a Cg-C1 arylalkenyl group, or a C7-C14 alkylaryl group;

or, R7 is represented by the formula:

t

R!8
'\Mz Rzo
21
7N R™
R N R22
R23

wherein: R17 to R24 are as defined for R! and R2, or two or more
adjacent radicals R17 to R24, including R20 and R21, together w1th the atoms
connecting them form one or more rings; preferably, R17 to R24 are hydrogen;

M2 is carbon, silicon, germanium or tin;

the radicals R3, R4, and R10 are identical or different and have the

meanings stated for R9 and RS, or two adjacent R10 radicals are joined together to

form a ring, preferably a ring containing from about 4-6 carbon atoms.
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Particularly preferred second metallocenes are those of the formula:

(1)

wherein: M1 is selected from the group consisting of titanium, zirconium,
hafniufn, vanadium, niobium, tantalum, chromium, molybdenum and tungsten,

preferably zirconium, hafnium or titanium, most preferably zirconium;

R1 and R? are identical or different, and are one of a hydrogen atom, a Cy-
C1 0 alky! group, a C1-Cy alkoxy group, a C¢-Cy0 aryl group, a Cg-Cyq aryloxy
group, a Cp-Cjq alkenyl group, a Cy-Cyq alkenyl group, a C7-C4q arylalkyl
group, a C7-Cy4q alkylaryl group, a Cg-Cyq arylalkenyl group, an OH group or a -
halogen atom; R! and R may also be joined together to form an alkanediyl group
or a conjugated Cq4p diene ligand which is coordinated to Ml in a

metallocyclopentene fashion; R! and R2 may also be identical or different

conjugated dienes, optionally substituted with one or more hydrocarbyl,
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tri(hydrocarbyl)silyl groups or hydrocarbyl, tri(hydrocarbyl)silylhydrocarbyl
groups, said dienes having up to 30 atoms not counting hydrogen and forming a t
complex with M, examples include 1 ,4-diphenyl-1,3-butadiene, 1,3-pentadiene, 2-
methyl-1,3-pentadiene, 2,4-hexadiene, 1-phenyl-1,3-pentadiene, 1,4-dibenzyl-1,3-
butadiene, 1,4-ditolyl-1,3-butadiene, 1,4-bis(trimethylsilyl)-1,3-butadiene, . and
1,4-dinaphthyl-1,3-butadiene;

preferably R} and R2 are identical and are a C1-C3 alkyl or alkoxy group,
a Cg-Cg aryl or aryloxy group, a C2-C4 alkenyl group, a C7-C1 arylalkyl gréup,
aC7-Cq2 alkylaryl group, or a halogen atom, preferably chlorine;

R3 are identical or different and are each a hydrogen atom, a halogen
atom, a C1-C10 alkyl group which may be halogenated, a Cg-Cy( aryl group
which may be halogenated, a C2-C1¢ alkenyl group, a C7-C40 -arylalkyl group, a
C7-C40 alkylaryl group, a Cg-C40 arylalkenyl group, a -NR'p, -SR’; -OR,, -
OSiR'3 or -PR'; radical, wherein R’ is one of a halogen atom, a C1-Cjg alkyl
group, or a Cg-Cy aryl group; preferably R3isnota hydrogen atom;

preferably each R3 is identical and is a fluokine, chlorine or bromine,
atom, a C1-Cy alkyl group which may be halogenated, a Cg-Cg aryl group which
may be halogenated, a -NR'2, -SR', -OR), -0SiR'3 or -PR'y radical, wherein R is
one of a chlorine atom, a‘C1-C4 alkyl group, or a C6-C3 aryl group;

R4 to R7 are identical or different and are hydrogen, or are as defined for

R3 or two or more adjacent radicals R3 to R7 together with the atoms connecting
them form one or more rings, preferably a 6-membered ring, preferably 4-8

membered ring;

R13is
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R14 R14 R4 R14
lM2 . |Mz IMz , !V.z (CRp16)___ -
L15 FL1‘5 |L15 | |L1 5
R14 - R4
0 !va2 o— Ic : 0 !\AZ
L15 ;L15 - L15

-BR14)-, -AlR14)-, -Ge-, -Sn-, -O-, -S-, -SO-, -SO5-, -N(R14)-, -CO-, -P(R14)-,
or POYRI4) | -

wherein: R14, R15and R16 are identical or different and are a hydrogen
atom, a halogen atom, a Cj-Cpq branched or linear alkyl group, a C;-Cpg
fluoroalkyl or silaalkyl group, a Cg-C3¢ aryl group, a C6-C30 fluoroaryl group, a -
C1-Cyg alkoxy grdup, a C-Cyq alkenyl group, a C7-Cyo aryfalkyl group, a Cg--
Cy4 arylalkenyl group, a C7-C4¢ alkylaryi group, or R14 and R1 5, together with
the atoms binding them, form a cyclic ring; V

preferably, R14, R15and R16 are identical and are a hydrogen atom, a
halogen atom, a C1-C4 alkyl group, a CF3 group, a Cg-Cg aryl group, a Cg-Cq
fluoroaryl group, more preferably a pentafluorophenyl group, a C1-C4 alk(-)xy
group, in particular a methoxy group, a C2-Cy4 alkenyl group, a C7-Cj arylalkyl
group, a Cg-C17 arylalkenyl group, or a C7-Cy4 alkylaryl group;

or, R13 is represented by the formula:
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RI8
M 21
e -~ R
R X R2
R3

wherein: R17 to R24 are as defined for R! and R2, or two or more
adjacent radicals R17 10 R24, including R20 and R21, together with the atoms
connecting therﬂ form one or more rings; preferably, R17 to R24 are hydrogen;

M2 is one or more carbons, silicon, germanium or tin, preferably silicon;

R13 may also be an amidoborane-type radical such as is described in
WO000/20426 (herein fully incorporated by réference);

R8, R, R10, R11 and R12 are identical or different and have the meanings stated
for R4 to R7.

[00142] In at least one embodiment, the transition metal of the second
metallocene compound is preferably zirconium. It is believed that polypropylene
formed using zirconium metallocenes (zirconocenes) have increased catalyst

activity in comparison to hafnocenes.

[00143]) Preferred silyl-bridged bis;indenyl meﬁllocenes of the second
metallocene includes silyl-bridged bis-indenyl zirconocenes, such as the silyl-
bridged bis-indenyl zirconocenes described above. ‘A preferred silyl-bridged bis-
indenyl zirconocene is dim‘ethylsilylbis(2—methy]-4-phenyl indenyl)zirconium
dichloride. |

Activators.

[00144] The terms "cocatalyst" and "activator" are used herein
interchangeably and are defined to be any compound or component. which can
activate a bulky ligand transition metal compound, e.g., any of the metallocenes

defined above. Alumoxane may be used as an activator. A variety of methods can
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be used for preparing alumoxane, non-limiting examples of which are described in
U.S. Pat. Nos. 4,665,208, 4,952,540, 5,091,352, 5,206,199, 5,204,419, 4,874,734,
4,924,018, 4,908,463, 4,968,827, 5,308,815, 5,329,032, 5,248,801, 5,235,081,
5,157,137, 5,103,031 and EP-A-O. 561 476, EP-B1-0 279.586, EP-A-0 594-218
and WO 94/10180, each of which is fully incorborated herein by reference. It
may be preferable to use a visually clear methylalumoxane. A cloudy or gelled

alumoxane can be filtered to produce a clear solution or clear alumoxane can be

decanted from the cloudy solution.

[00145] Also useful in the described processes are ionizing activators,
neutral or iomic, or compounds such as  dimethylanilinium
tetrakis(perfluorophenyl)  boron (DICOP) and tri(n-butyl)ammoniﬁm
tetrakis(bentaﬂuropﬁenyl)boron, which ionize the neutral metallocene compound.
Such ionizing compounds may contain an active proton, or some other cation
associated with but not coordinated or only loosely cobrdinated to the remaining
ion of the ionizing compound. Combinations of activators are also contemplated

for use in the process, for example, alumoxane and ionizing activators in
combinations, see for example, WO 94/07928.

[00146] Descriptions of ionic catalysts for coordination polymerization
comprised of metallocene cations activated by non-coordinating anions appear in
the early work in EP-A-0 277 003, EP-A—_O 277 004 and U.S. Pat. No. 5,198,401
and WO-A-30 92/00333 (incorporated herein by reference). These teach a
preferred method of preparation wherein metallocenes (bisCp and monoCp) are
protonated by an anion precursor such that an alkyl/hydride group is abstracted

from a transition metal to make it both cationic and charge-balanced by the non-

coordinating anion.

[00147] ‘The term "noncoordinating anion" means an anion which either
does not coordinate to said cation or which is only weakly coordinated to said
cation thereby remaining sufficiently labile to be displaced by a neutral Lewis
base. "Compatible" noncoordinating anions are those which are not degraded to

neutrality when the initially formed complex decomposes. Further, the anion will
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not transfer an anionic substituent or fragment to the cation so as to cause it to
form a neutral four coordinate metallocene compound and a neutral by-product
from the anion. Noncoordinating anions useful in accordance with this disclosure
are those which are compatible, stabilize the metallocene cation in the sense of
balancing its ionic charge in a +1 state, yet retain sufficient liability to permit
displacement by an ethylehically or acetylenically .unsaturated monomer during

polymerization.

[00148] The use of ionizing ionic compounds not containing an active
proton but capable of producing both the active metallocene cation and an
noncoordinating anion is also known. See, EP-A-0 426 637 and EP-A- 0 573 403
(incorporated herein by reference). An additional method of making the ionic
catalysté uses ionizing anion precursors which are initially neutral Lewis acids but
form the cation and anion upon ionizing reaction with the metallocene
compounds, for example the use of tris(pentafluorophenyl) boron. See, EP-A-0
520 732 (incorporated herein by reference). Ionic catalysts fdr addition
polymerization can also be prepared by oxidation of the metal centers of transition
metal compounds by anion precursors containing metallic oxidizing group‘é ;llong

“with the anion groups. See, EP-A-0 495 375 (incorporated herein by reference).

[00149) Where the metal ligands include halogen moieties (for example,
bis-cyclopentadienyl zirconium dichloride) Whjch are not capable of ionizing
abstraction under standard conditions, they can be converted via known alkylation
reactions with organometallic compounds such as lithium or aluminum hydrides
or alkyls, alkylalumoxanes, Grignard reagents, etc. See, EP-A-0 500 944 and EP-
A1-0 570 982 (incorporated herein by reference) for in situ processes describing
the reaction of alkyl aluminum compounds with dihalo-substituted metallocene

compounds prior to or with the addition of activating anionic compounds.
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Catalyst Supports.

[00150] The metallocenes referenced herein may be supported using a
porous particulate material, such as for example, talc, inorganic oxides, inorganic

chlorides and resinous materials such as polyolefin or polymeric compounds.

[00151] Preferred Support materials are porous inorganic oxide materials,
which include those from the Periodic Table of Elements of Groups 2, 3, 4, 5, 13
or 14 metal oxides. Silica, alumina, silica-alumina, and mixtures thereof are
particularly preferred. Other inorganic oxides that inay be employed either alone
or in combinatioﬁ with the silica, alumina or silica-alumina are magriesia, titania,

zirconia, and the like.

[001521 Preferably the support material is porous silica which has a surface
area in the range of from about 10 to about 700 mz/g_, a total pdre volume in the
range of from about 0.1 to about 4.0 cc/g and an average particle size in the range
of from about 10 to about 500 pm. More preferably, the surface area is in the
range of from about 50 to about 500 m?/g, the ﬁore volume is in the range of from
about 0.5 to about 3.5 cc/g and the average particle size is in the range of from
about 20 to about 200 pm. Most preferably the surface area is in the range of
from about 100 to about 400 m?/g, the pore volume is in the range of from about
0.8 to about 3.0 cc/g and the average particle size is in the range of from about 30
to about 100 um. The average pore size of typicél porous support materials is >
10A. Preferably, a support material is used that has an average pore diameter of >
50A and most preferably it is in the range of from about 75 to about 350 A. It
may be particularly desirable to dehydrate the silica at a temperature of from
about 100°C to about 800°C anywhere from about 3 to about 24 hours.

{00153] ‘The metallocenes, activator and support material may be combined
in any number of ways. Suitable support techniques are described in .U.S. Pat.
Nos. 4,808,561 and 4,701,432 (each fully incorporated herein by reference.).
Preferably the metallocenes and activator are combined and their reaction product

supported on the porous support material as described in U.S. Pat. No. 5,240,894



WO 2004/037872 PCT/US2003/032194
72

and WO 94/28034, WO 96/00243, and WO 96/00245 (each fully incorporated
herein by reference.) A]terhatively, the metallocenes may be preactivated
separately and then combined with the support material either separately or .
together.  If the metallocenes and activator are separately supported, then
preferably, they are dried then combined as a powder before use in
polymerization. Rega:dléss_ of whether the metallocene and ractivator are
separately precontacted or whethér the metallocene and activator are-combined at
~ once, two or more metallocene compounds may be supported tbgethr;r (co-

deposit) or separately (physical blend).

[00154] The total volume of reaction solution ai)plied to porous support 1s
preferably less than about 4 times the total pore volume of the porous support,
more preferably less than about 3 times the total pore volume of the porous
support and even more preferably in the range of from more than abou_f 1 to less
than about 2.5 times the total pore volume of the porous support. Procedures for
measuring the total pore volume of porous support are well known in the art. The
preferred method is described in Volume 1, Expeﬁmental Methods in Catalyst :
Research, Academic Press, 1968, pages 67-96. .

[00155] Methods of supporting ionic catalysts including metallocené.
cations and noncoordinating anions are described in WO 91/09882, WO
94/03506, WO 96/04319 and U.S. Pat. No. 5,643,847 (incorporated herein by
reference). The methods generally include either physical adsorption on
traditional polymeric or inorganic supports that have been largely dehydrated and
dehydroxylated, or using neutral anion precursors that are sufﬁciehtly stfong
Lewis acids to activate retained hydroxy groups in silica containing indrganic
oxide supports such that the Lewis acid becomes covalently bound and the

hydrogen of the hydroxy group is available to protonate the metallocene .
compounds. '

[00156] The supported catalyst system may be used directly in
polymerization or the catalyst system may be prepolymerized using methods well

known in the art. The supported catalyst is typically added to the polymerization
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medium as a suspension in mineral oil. For details regarding_prepolymerization,
see U.S. Pat. Nos. 4,923,833 and 4,921,825, EP 0 279 863 and EP 0 354 893 each

of which is fully incorporated herein by reference.

[00157] For preparation of the branched polypropylene, preactivation of the
metallocene may be advantageous. For example, it is widely known in the art that
preactivation of the metallocene before addition to a continuous reactor yields
higher activities than continuous addition of metallocene and activator in two
separate streams. Furthermore, it may be advantageous 10 control precontacting
time to maximize catalyst effectiveness, e.g., avoiding excessive aging of the

activated catalyst composition.

EXAMPLES
Example 1

[00158] In the following example, various samples of i)olypropylene were
formed using mixed metallocene catalyst systems and single metallocene catalyst

systems. The properties of the samples are reflected in Table 1.

[00159] = Each sample was formed using supported catalysts. The catalysts
were supported by placing the metallocene catalyst system in a 100 ml beaker to
which a 30 wt% MAO solution was added. The mixture was stirred magnetically
for 1 hour and was diluted with 10 grams of tol'uene.: Five grams of Davison
MS952 silica pre-calcined at 600°C were placed in a 250 ml beaker separately.
One-fourth of the metallocene mixture was added carefully to the silica and the
resulting mixture was stirred manually to achieve homogeneity apd uniform color.
The rest of the metallocene mixture was then added to the silica as above to .
achieve a mobile slurry. The entire mixture was transferred to a 250 ml round-
bottom flask, and was dried under vacuum. The‘yield was calculated and the

metal loading was analyzed.

{00160} Sample 1 is an example of polypropylene made from 1200 ml
propylene and 200 mg of dimethylsilylbis(2-methyl-4-phenyl-1-
indenyl)zirconium dichloride (called “Catalyst Q™) with dimethylanilinium
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tetrakis (perfluorophenyl) boron activator (DICOP). Sample 2 is an example of
polypropylene made from 1200 ml propylene and 100 mg of dimethylsilanylbis(2-
methyl-indenyl) . zirconium dichloride (called “Catalyst L”) with .
methylalumoxane activator ,(MAO). Sample 3 is a polypropylene made from
1200 ml propylene and a mixture of 100 mg of Catalyst Q with DICOP activator
and 50 mg of Catalyst L with methylalumoxane activator (MAQO).

[00161] The polymerizations were each conducted separate]y in a. batch
reactor at a reactor temperature (i.e., polymerization temperature) of 75°C with the‘
stirrer set at 800 rpm for 60 min. For Sample 1, the propylene was added in two
intervals. First, 800 ml of propylene at room temperature was added to the
reactor. The catalyst was then flushed with 400 ml of propylene at room
temperature and introduced to the reactor through a catalyst tube (2 ml of hexane
was added to the catalyst tube). The reactor was then heated slowly to 75°C.
Triethyl aluminum scavenger, (1 ml, 25 wt% in toluene) was charged to the
reactor through a stainless steel tube. The reactor pressure was maintained
between 233.1 psig and 518.7 psig. For Sample 2 the propylehe was added in two
intervals. First, 800 ml of propylene at room temperature was added to the
reactor. The reactor was then heated slowly to 75°C. The catalyst was then
flushed with 400 ml of propylene and intfoduced to the reactor through a catalyst
tube (2 ml of hexane was added to the catalyst tube). Triethyl aluminum
scavenger (1 ml, 25 wt% in to]uéne) was charged to the reactor through a stainless
steel tube. The reactor pressure was maintained between 486.1 psig and 493.1
psig. For Sample 3, the propylene was added in two intel\'vals. First; 800 ml of
propylene at room temperature was added to the reactor. The reactor was then
heated slowly to 75°C. The catalyst was then flushed with 400 ml of propylene
with high pressure N> and introduced to the reactor through a catalyst tube. The
triethyl aluminum scavenger (1 ml, 25 wt% in toluene) was charged to the reactor
through a stainless tube. The reactor pressure was maintained between 497.0 psig
and 513.1 psig. Each polymerization reaction yielded a polypropylene sample.

Each of the polypropylene samples was characterized using '"H NMR, DSC, and
GPC methods.
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TABLE 1
Sample 1 | 2 3
—Q L Q (100 mg) +
Catalyst 200mg) | (100mg) | L (50 me)
Yield (g) 226 43.5 179
Catalyst
Productivity 1130 | 435 1193
(g polymer/g
cat/hr)
Vinyl % 12.5 6.7 0
GPC-DRI ,
My, (kDaltons) 556 129 401
M, (kDaltons) 196 .59 110
PD 2.8 22 3.6
GPC-VIS
My (kDaltons) 637 142 455
M,, (kDaltons) 207 65 - 117
PD 3.1 2.2 3.9
Branching Index| g 957 | 0.892 0.93
(&’ '
DSC
Tm (°C) 151.1 146.7 152.2
T.(°C) 104.8 103.9 106.8
Example 2
- [00162] In the following example, various sémple’s of polypropylene were

formed using mixed metallocene catalyst systems and single metallocene catalyst

systems. The properties of the samples are reflected in Table 2.

[00163] Each sample was formed using supported catalysts. The catalysts
~ were supj;orted by placing the metallocene catalyst system in a 100 ml beaker to
which a 30 wt% MAO solution was added. The mixture was stirred magnetically
for 1 hour and was diluted with 10 grams of toluene. Five grams of Davison
MS952 silica pre-calcined at 600°C were placed in a 250 ml beaker séparately.
One-fourth of the metallocene mixture was added carefully to the silica and the
resulting mixture was stirred manually to achieve homogeneity and uniform color.

The rest of the metallocene mixture was then added to the silica as above to
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achieve a mobile slurry. The entire mixture was transferred to a 250 ml round-
bottom flask, and was dried under vacuum. The yield was calculated and the

metal loading was analyzed.

[00164] Sample 4 is a commercial linear pol&propylene, produced by
ExxonMobil Chemical Co. under the trademark ACHIEVE. Sample 5 is a
polypropylene made from 100 mg of dimethylsilylbis(2-methyl-4-phenyl
indenyl)zirconium dichloride (Catalyst Q) supported catalyst. Sample 6 is a
polypropylene made from 400 mg of rac-l,2-ethylenebis(4.,7-dimethyl;
indenyhafnium dichloride (called “Catalyst B”) supported catalyst, purchased
from Boulder Scientific Company. Sample 7 is a polypropylene made from 100
mg of supported Catalyst Q and Catalyst B. Sample 8 is a polypropylene made .
from 100 mg of supported Catalyst Q and Catalyst B. Sample 9 is a
polypropylene made from 200 mg of the supported Catalyst Q and Cavtalyst‘B.

Sample 10 is made from 100 mg of the supported Catalyst Q and 100 mg of the
supported Catalyst B. '

[00165] The polymerizations were conducted in a 2 L Zipperclave reactor
using a mixture of propylene (30% by volume) and hexane diluent (70% by
‘volume) for 60 minutes. The reactor was heated to the set temperature of 75 °C
and equilibrated for 5 minutes. The triethyl aluminum scavenger (1 ml, 1 M
solution in toluene) was charged to the reactor through a stainless steel tube. The
supported catalyst (100 - 200 mg in 2 ml hexane) was injected into the reactor
through a catalyst tube. The polymerization mixture was allowed to react for 60
minutes. The reactor was cooled to 25°C and vented. The polymer was co]lécted

by filtration, washed with hexane, dried by N, purge overnight and then weighed.

[00166] The samples were characterized using 'H NMR, DSC, and GPC

methods. - Samples 7-10 had high My valves and broad molecular weight |
distributions. Samples 7-10 also had high melting points, high polydispersities,. o
and fewer viny! chain-ends than would be expected as an average of the two
separately catalyzed po]ymeﬁzgtion products. Samples 6-10 each had a unimodal

molecular weight distribution. Surprisingly, Sample 7 had a unimodal molecular
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weight distribution, even though Sample 7 was made using one of the same
catalysts found in Sample 6 (single catalyst), which was observed to have a

bimodal molecular weight distribmion.

TABLE 2
- Sample | - 4 5 | 6 7 | 8 9 S
@B | (@B | (B |QUMAO (100 mp)
2‘;%;;"" Commercial ((12(/)%2:) (E%Qg) MAO (100 | MAO (100 | MAO (200 | +B/MAO (100
mg) ._mg) mg) mg)
Supported
Catalyst Data :
0.057/
0.057/ 0.09/
Metall]ocene(mg 0.09/ 0.08/ 0.091 + 0.033/ 0.091 + 0.14 +0.003/
mmol) 0.14 0.14 0.017/ )
_ 0.059 0.0 0.005
MAO (g) 465 | 465 4.88 3.94 4.81
Al (mmol) 24.1 24.1 253 20.4 249
Final Loading | ‘ .
0.014/ 0.015/ 021/
(ml‘f:;‘l‘}g) 0.022 | 0022 0009 .| 0.0048 0.0008
Vinyl % , 28 39 22 16 22 ‘ 25
GPC-DRI : e ‘
M, (kDaltons) 197 568 56 576 535 580 489
M, (kDaltons) 66 198 17 190 140 197 . 138
PD 3 29 35 | 3 38 29 36
GPC-VIS _
M, (kDaltons) 209 591 57 608 580 612 -~ 517
M, (kDaltons) 54 186 13 130 78 207 155
_ PD 3.9 32 32 47 74 3 37
Branching 0.998 0956 | 1.022 0.942 0.916 0.934 0.937
Index (g")
DSC
Ta (°C) - 145 135 146 144 147 146
T. (C) — 107 103 110 107 110 107
H; (I/g) — 1014 | 818 92.6 ~99.1 96.7 88.7
Percent - :
Crystallinity — 537 433 49 52.4 51.2 46.9
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Example 3
[00167) In the following example, various sampleé of polypropylene were -

formed by mixed metallocene catalyst systemsl and single metallocene catalyst
systems. The properties of the samples are reflected in Table 3. Note the
surprisingly high productivities of the mixed metallocene catalyst system.

[00168] Sample 11 is a comparative example of polypropylene made from.
0.35 mg of the rac-1,2-ethylenebis(4,7-dimethyl-tetrahydro indenyl)hafnium
dichloride (called “Catalyst A”) unsupported catalyst, purchased from Boulder
Scientific Company. Sample 12 is a comparative exémp]e of polypropylene made
from 0.35 mg of the rac-l,2-ethylenebis(4,7-dimeﬂ1y1—indenyl)hafhium dichlo;’idé
(Catalyst B) unsupported catalyst. Sample 13 is an invention 'polypropylene made
. from 0.35 of dimethylsilylbis(2-methyl-4-phenyl indenyl)zirconium dichloride
(Catalyst Q) unsupported catalyst. Sample 14 is an invention polypropylene made
from 0.175 g of unsupported Catalyst A and 0.35 g of unsupported Catalyst Q.

Sample 15 is a polypropylene made from 0.175 of unsupported Catalyst B and
0.35 of unsupported Catalyst Q. ' '

[00169] The polymerizations were' conducted for 60 minutes in a batch
reactor using a mixture from 30 to 100% by volume propylene and from 0 to 70%
by volume hexane diluent. The reactor was heated to the set temperature of 75 °C
and equilibrated for 5 min. Triethyl aluminum scavenger (1 ml, 1 M solution) was
introduced to the reactor through a stainless steel tube. The stock solutions of the
. catalysts, Q, A, and B in toluene (2 mg/6 ml) were prepared separately. The
catalyst solution and MAO (from 0.3 m! to 0.8 ml) was introduced to the reactor
through a catalyst tube. The reactor was cooled to 25 °C and vented after
polymerization was completed. The polymer was collected by filtration, washed

with hexane, dried by N purge overnight, and then weighed.

[00170] The samples were characterized using 'H NMR, DSC, and GPC

methods. Samples 14 and 15 showed high productivity in comparison to Samples
11-13.
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TABLE 3
" Sample 11 12 |1 o |15
N B Q | A©175 | B@©175
Catalyst (035 | mg)+Q mg)+Q
(0.35 mg) |(0.35 mg) mg) | (0.35mg) | (0.35mg)
Yield (g) 02 0.2 15 71 132
Catalyst
Productivity 571 571 | 4286 | 325714 | 251429
(g polymer/g
cat/hr.) :
Vinyl% 76 47 | 33 30 19
GPC-DRI _ -
M,, (kDaltons) | 19 31 266 497 1799
M, (kDaltons) | 11 17 | 11 37 141
) 16 18 74 13.6 2.8
GPC-VIS — |
M,, (KDaltons) | ND ND | 321 488 845
M, (kDaltons) | ND ND | 126 v 66
—PD — D ND | 23 a1 127
DSC |
T °0) g5 135 | 155 155 152
T, °C) 66 100 | 106 | - 108 107
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CLAIMS
WHAT IS CLAIMED IS:
1. A polymer composition consisting ess'entially‘ of branched crystalline

polypropylene homopolymer prepared in a polymerization process -
comprising: combining two or more different metallocene catalyst
compounds; said polypropylene homopolymer having a unimodal

molecular weight distribution and a heat of fusion of 70 J/g or more. '

2. The composition of claim 1, in which the heat of fusion of the branched - |
crystalline polypropylene is 80 J/g or more.

3. The composition of claim 1, in which the heat of fusion of the branched
crystalline polypropylene is 90 J/g or more.

4. The composition of claim 1, in which the Heat of fusion of the branched

crystalline polypropylene is 100 J/g or more.

5. The composition of claim 1, in which the Branching Index of the branched

crystalline polypropylene is 0.98 or less.

6. The composition of claim 1, in which the Branching Index of the branched
crystalline polypropylene is 0.95 or less.

7. The cdmposition of claim 1, in which the Branching Index of the branched

crystalline polypropylene is 0.90 or less.

8. The composition of claim 1, in which the Branching Index of the branched

crystalline polypropylene is 0.80 or less.

9. The composition of claim 1, in which the two or more metallocene catalyst

compounds include a first metallocene compound and a second
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metallocene compound; the first metallocene compound capable of
forming vinyl, vinylene, or vinylidene terminated polypropylene
macromer with a weight average molecular weight of less than 150,000
Daltons; and the second metallocene compound is capable of forming a
crystalline polypropylene with a weight average molecular weight of
100,000 Daltons or more; wherein the molar amount of the second

metallocene compound is greater than the molar amount of the first

metallocene compound.

10.  The compbsition of claim 1, in which one of the metallocene ‘compounds.
includes an ethylene-bridged bis-indenyl hafnocene or an ethylene-bridged
bis-tetrahydroindenyl hafnocene.

11.  The composition of claim 1, in which one of the metallocene compounds
is rac-1,2-ethylenebis(4,7-dimethyl-indenyl)hafnium dichloride or rac-1,2-
ethylenebis(4,7-dimethyl-indenyl)hafnium dimethyl.

12. A unimodal polymer composition comprising branched crystalline .
polypropylene, prepared by the process comprising:
combining two or more different metallocene catalyst compounds with
propylene monomers in a polymerization- medium having less than 30
volume percent diluent; |
conducﬁng polymerization of the propylene monomers in the
polymerization medium at a reaction temperature of 75°C or less; and
recovering a branched crystalline polypropylene that has (a) from 0.0 wt% .
to 2.0 wt% ethylene; (b) a heat of fusion of 70 J/g or more; and (c) a

unimodal molecular weight distribution.

13. The composition of claim 12, in which the polymerization medium

consists essentially of propylene monomers.
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14.  The composition of claim 12, in which the heat of fusion of the branched
crystalline polypropylene is 60 J/g or more.

15. The composition of claim 12, in which the heat of fusion of the branched

. crystalline polypropylene is 70‘J/g or more.

16. The composition of claim 12, in which the heat of fusion of the branched

crystalline polypropylene is 90 J/g or more.

17.  The composition of claim 12, in which the Branching Index of the :

branched crystalline polypropylene is 0.98 or less.

18.  The composition of claim 12, in which the Branching Index of the '
branched crystalline polypropylene is 0.95 or less. '

19.  The composition of claim 12, in which the Branching Index of the

branched crystalline polypropylene is 0.90 or less.

20.  The composition of claim 12, in which the Branching Index of the
branched crystalline polypropylene is 0.80 or less.

21.  The composition of claim 12, in which the two or more metallocene
catalyst compounds include a first metallocene compound and a second
metallocene compound; the first metallocene compound bapablé of
forming a polypropylene macromer with.a weight average molecular
weight of less than 150,000 Daltons; and the second metallocene
compound is capable of forming a crystalline polypropylene with a weight
avérage molecular weight of 100,000 Daltons or more; wherein the molar
amount of the second metallocene compound is greater than the molar

amount of the first metallocene compound.
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The composition of claim 12, in which one of the metallocene compounds
includes an ethylene-bridged bis-indenyl hafnocene or an ethylene-bridged
bis-tetrahydroindenyle hafnocene.

The composition of claim 12, in which one of the metallocene compounds
is rac-1,2-ethylenebis(4,7-dimethyl-indenyl)hafnium dichioride or rac-1,2-
ethylenebis(4,7-dimethyl-indenyl)hafnium dialkyl.

A polymer composition that comprises branched crystalline

polypropylene, prepared by thé process comprising: conducting

polymerization of propylene monomers in the presence of a first

metallocene catalyst compound and a second metallocene catalyst

'compound at a temperature of 75°C or less to provide a composition that

comprises branched crystalline polypropylene containing from 0.0 wt% to

_2.0 wt% ethylene, wherein:

(@  the first metallocene catalyst compound is capable of producing
vinyl terminated polypropylene ﬁlacromers; and

-(b) the second metallocene catalyst compound is capable of producing
crystalline polypropylene having a weight average molecular
weight of 100,000 Daltons or more.

The composition of claim 24, in which the polymerization medium

consists essentially of propylene monomers.

The composition of claim 24, in which the heat of fusion of the branched
crystalline polypropylene is 80 J/g or more.

The cofnposition of claim 24, in which the heat of fusion of the branched

crystalline polypropylene is 90 J/g or more.

The composition of claim 24, in which the heat of fusion of the branched

crystalline polypropylene is 100 J/g or more. -
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The composition of claim 24, in which the Branching Index of the
branched crystalline polypropylene is 0.98 or less.

The composition of claim 24, in which the Branc_hing Index of the
branched crystalline polypropylene is 0.95 or less.

The composition of claim 24, in which the Branching Index of the
branched crystalline polypropylene is 0.90 or less. ’

The composition of claim 24, in which the Branching Index of the
branched crystalline polypropylene is 0.80 or less. ' '

The composition of claim 24, in which one of the metallocene compounds
includes an ethylene-bridged bis-indenyl hafnocene or an ethylene-bridged
bis-tetrahydroindenyle hafnocene. '

The composition of claim 24, in which one of the metallocene corhpoundé
is rac-1,2-ethylenebis(4,7-dimethyl-indenyl)hafnium dichloride or rac-1,2-
ethylenebis(4,7-dimethyl-indenyl)hafnium dialkyl. .

A branched crystalline polypropylene composition prepared by thé process
comprising: | :

contacting a polymerization mixture that includes propylene monomers
with a first metallocene catalyst compound and a second metallocene
catalyst compound; and

conducting polymerization of the propylene monomers for a time
sufficient to form a branched crystalline polypropylene composition
having a heat of fusion of 50 J/g or more, wherein:

the first metallocene compound is an alkyl bridged metallocene compound
that has at least two indenyl rings or derivatives of indenyl rings, each ring

being substituted at the 4 and 7 positions;
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the second metallocene compound is a bridged metallocene compound that
has at least two indenyl rings or derivatives of indenyl rings, each ring

being substituted at the 2 and 4 positions.

The composition of claim 35, in which the polymerization medium

consists essentially of propylene monomers.

The composition of .claim 35, in which the Heat of fusion of the_branched
crystalline polypropylene is 80 J/g or more.

The composition of claim 35, in which the Heat of fusion of the branched

crystalline polypropylene is 90 J/g or more.

The composition of claim 35, in which the Heat of fusion of the branched
crystalline polypropylene is 100 J/g or more.

The composition of claim 35, in Wthh the Branchmg Index .of the

branched crystalline polypropylene is 0.98 or less.

The composition of claim 35, in which the Branching Index of the

branched crystalline polypropylene is 0.95 or less.

The composition of claim 35, in which the Branching Index of the
branched crystalline polypropylene is 0.90 or less.

The composition of claim 35, in which the Branching Index of the

branched crystalline polypropylene is 0.80 or less.

The composition of claim 35, in which one of the metallocene compounds
includes an ethylene-bridged bis-indenyl hafnocene or an ethylene-bridged

bis-tetrahydroindenyle hafnocene.
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The composition of claim 35, in which one of the metallocene compounds
is rac-1,2-ethylenebis(4,7-dimethyl-indenyl)hafnium dichloride or rac-1,2-
ethylenebis(4,7-dimethyl-indenyl)hafnium dialkyl.

A polymer composition comprising branched crystalline polypropylene -
having a heat of fdsion of 70 J/g or more; a Branching Index of 0.98 or
less; a unimodal molecular weight distribution; and from O.Q wt% to 2.0
wi% ethylene.

A polymer composition comprising branched crystalline polypropylene
having a Heat of fusion of 70 J/g or more; a Branching Index of 0.98 or

less; a unimodal molecular weight distribution; and from 0.0 wt% to 20
wi% ethylene.

A polymer composition comprising branched crystalline polypropylene
having a heat of fusion of 80 J/g or more; a Branching Index of 0.98 or
less wherein said branching is derived solely from polypropylene

macromers; and a unimodal molecular weight distribution.

A polymer composition comprising branched crystalline polypropylene
homopolymer having a Heat of fusion of 80 J/g or more; a Branching
Index of 0.95 or less wherein said branching is derived solely from

polypropylene macromers; and a unimodal molecular weight distribution.

A composition comprising the combination of the polymer composition of
any of the above claims and one or more olefin polymers selected from the
group consisting of: ethylene propylene rubber, ethylene propylene diene
monomer rubber, neoprene rubber, styrenic block copolymer rubbers.
(including SI, SIS, SB, SBS, SIBS rubbers), butyl rubber, halobutyl =
rubber, star branched butyl rubber, copolymers of isobutylene and para-
alkylstyrene, halogenated copolymers of isobutylene and para-alkylstyren,
homopolypropylene, propylene copolymerized with up to 50 weight % of
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ethylene or a C4 to C20 alpha.-olefin, isotactic polypropylene, highly
isotactic polypropylene, syndiotactic polypropylene, random copolymer of
propylene and ethylene and/or butene and/or hexene, polybutene, ethylene

~ vinyl acetate, low density polyethylene (dénsity 0.915 to less than 0.935
g/em®) linear low density polyethylene, ultra low density polyethylene
(density 0.86 to less than 0.90 g/cm3), very low density polyethylene
(density 0.90 to less than 0.915 g/cm3), medium density polyethylene
(density 0.935 to less than 0.945 g/om’), high density 'polyethylene
(density 0.945 to 0.98 g/cfn3), ethylene vinyl acetate, ethylene methyl
acrylate, copolymers of acrylic acid, polymethylmethacrylate or any other'
polymers polymerizable by a high-pressure free radical process,
‘polyvinylchloride, polybutene-1, isotactic polybutene, ABS resins, nylons
(polyamides), polycarbonates, PET resins, crosslinked polyethylene,
copolymers of ethylene and vinyl alcohol (EVOH), polymers of aromatic
monomers such as polystyrene, poly-1 esters, high molecular weight

| polyethylene having aidensity of 0.94 t0 0.98 g/cm’® low molecular weight
polyethylene_. having a density of 0.94 to 0.98 g/em®, graft copolymers
generally, polyacrylonitrile homopolymer or copolymers, thermoplastic
polyamides, polyacetal, polyvinylidine fluoride and other fluorinated
elastomers, polyethylene glycols and polyisobutylene.

51.  The composition of claim 50, wherein the polymer composition is present
in the blend at from 10 to 99 weight %, based upon the weight of the
polymers in the blend.

52. The composition of claim 50, wherein the polymer composition is present
in the blend at from 30 to 90 weight %, based upon the weight of the
polymers in the blend. ‘ -

53.  The composition of claim 50, whe_rein the polymer composition is present
in the blend at from 20 to 95 weight % based upon the weight of the
polymers in the blend.
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54.  The composition of claim 50, wherein the polymer composition is present
in the blend at from 40 to 90 weight % based upon the weight of the .
polymers in the blend. ‘ '

55.  The composition of claim 50, wherein the polymer composition is present
in the blend at from 50 to 90 weight % based upon the weight of the
polymers in the blend. '

56.  The composition of claim 50, wherein the polymer composition is present
in the blend at from 60 to 90 weight % based upon the weight of the
polymers in the blend. o '

57.  The composition of claim 50, wherein the polymer composition is present
in the blend at from 70 to 90 weight % based upon the weight of the
polymers in the blend. '

58. A foam comprising the composition of any of the above claims.

59. A blow molded article comprising the composition of any of the above

claims.

60. A thermoformed article comprising the composition of any of the above

claims.
61. A film comprising the composition of any of the above claims.
62. A fiber comprising the composition of any of the above claims.
63. A sheet comprising the composition of any.of the above claims.

64. A plaque comprising the composition of any of the above claims.
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65. A hose comprising tﬁe composition of any of the above- claims.
66. A belt comprising the comﬁosition of any of the above claims.
67. A tire comprising the composition of any of the above claims.
68. A tape comprising the composition of any of the above claims.

69. A nonwoven fabric comprising the composition of any of the above

claims.

70. A wax crystal modifier comprising the composition of any of the above

claims.

7. A dynamically vulcanized alloy comprising an elastomer and the polymer

composition of any of claims 1 to 49.

72.  The dynamically vulcanized alloy of claim 71 wherein the elastomer
comprises one or more of ethylene propylene rubber, ethylene propylene
diene monomer rubber, neoprene rubber, styrenic block copolymer rubbers
(including SI, SIS, SB, SBS, SIBS rubbers),i butyl rubber, halobutyl
rubber, star branched butyl rubber, copolymers of isobutylene and para-
alkylstyrene, halogenated copolymers of isobutylene and para-
alkylstyrene, brominated copolymers of isobutylene and para-

methylstyrene, polyisobutylene, natural rubber, and nitrile rubber.

73.  The dynamically vulcanized alloy of claim 71 or 72 further comprising an
engineering resin selected from the group consisting of polyamides,
polyesters, polycarbonates, polysulfones, polyacetals,. polylactones,

acrylonitrile-butadiene-styrene resins, polyphenylene oxide,
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polyphenylene sulfide, styrene-acrylonitrile resins, styrenemaleic

anhydride, polyimides, aromatic polyketones, and mixtures thereof

74.  An adhesive comprising the polymer composition of any of claims 1 to 49
. and a tackifier selected from the group cohsisting of aliphatic hydrécarbon
resins, aromatic modified aliphatic hydrocarbon resins, hydrogenated
polycyclopentadiene resins, polycyclopentadiene resins, gum rosins, gum
rosin esters, wood rosins, wood rosin esters, tall oil rosins, tall oil rosin
ésters, pquierpenes, aromatic modified polyterpenes, terpene phenolics,
aromatic modified hydrogenated polycyclopentadiene resins, hydrogenated
aliphatic resin, hydrogenated aliphatic aromatic resins, hydrogenated

terpenes and modified terpenes, and hydrogenated rosin esters.
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